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PREFACE TO THE SECOND EDITION 


The present work is an endeavour to give as complete 
an account of the properties of cubic and quartic curves 
as could be compressed within the limits of a single volume 
of moderate size. It isa revised edition of my Lectures 
on the Theory of Plane Curves, Part II, which was published 
sometime ago, the revision having been undertaken with 
the object of bringing the contents of the previous work 
up to date as far as practicable. The necessity for the 
revision arose partly from the advancing requirements of 
the class of students for which the book was originally 
written and partly from the suggestions of teachers that 
its scope and usefulness might be extended by incorporating 
materials necessary for a systematic study of the subject. 
The entire book has accordingly been rewritten, new 
materials incorporated and the articles re-numbered and 
the present work is published as a separate companion 
vglyume to my Theory of Plane Curves, Vol. I, applying in 
its construction the theory developed in that book to the 
study of the curves of certain orders, particularly cubics 
and quartics. The subject covers so extensive a field that 
a word is necessary to explain the plan adopted, which, I 
trust, will facilitate to some extent the study of a variety 
of algebraic and other curves. 


In the fest place, the subject has been presented in 
clear and concise form to students commencing a systematic 
study of the higher curves, indicating at the same time, 
references, as far as practicable, to original sources in order 
to enable the senior student to consult them. Secondly, a 


Vin PREFACE 


large number of examples have been given by way of 
illustration and as exercises for practice. Analysis has 
not been exclusively used, and where simplicity could 
be gained, geometrical processes have not been neglected. 


Properties of cubic curves have been studied in 
Chapters I to III with special reference to their mode of 
generation, singularities, inflexions, harmonic polars, ete., 
and for this purpose canonical forms, which have often been 
found useful, are dealt with in Chapter I]. The theory 
of elliptic integrals has been applied to discuss certain 
properties of non-singular cubics in Chapter III. Buta 
fuller treatment was neither possible nor desirable within 
the narrow limits of the present work. As rightly 
remarked by Salmon “such a treatment in order to have 
any pretensions to completeness ought to contain an 
account of the application, made by Clebsch in continua- 
tion of Riemann’s researches on elliptic and Abelian 
integrals, to the theory of curves.” Chapter IV deals with 
some special cubics of historie importance, care being 
taken not to embarrass the student with materials of a 
complex nature. Only general characteristics have been 
dealt with in the hope that they will afford sufficient 
materials for independent thinking in more advanced stag 2s 
and in more complicated cases. Chapter V treats of 
Invariants and Covariants of cubic curves, but no attempt 
has been made to give a complete system of invariants 
and covariants to classify cubic curves by means of them, 
nor has the interesting subject of Apolarity been dealt 
with. 

The subject of quartic curves is too extensive to be 
adequately considered in a small work like this, The 
discussion has, therefore, been chiefly confined in Chapters 
VI and VII, to the prominent characteristics of these 
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curves, with special reference to their mode of generation, 
singularities, bitangents, ete. Chapter VIII has been 
entirely allotted to unicursal quartics and the whole of Chap- 
ter IX to the consideration of binodal and bigireular 
quartics. Circular cubics have also been studied in Chapter 
X as degenerate bicircular quartics. In Chapter XI some 
well-known curves of order four possessing interesting 
properties have been discussed. The last Chapter is 
taken up with the discussion of Roulettes, Cycloids, 
Spirals, ete. 

Appendix I contains a note on the sextactic points on 
cubics, based on Cayley’s well-known paper—On the conic 
of five-pointic contact at any point of a plane curve [ Phil. 
Trans., Vol. CXLIX (1859). Vol. IV, pages 207-39 of the 
collected works]. But it may be added that sextactic points 
are best dealt with by means of the famous Theorem of Abel 
in Elliptic Integrals, as related to points on a plane cubic. 
Appendix kl gives some properties of bicircular quarties 
based on Prof. Casey’s interesting paper published in 
the Transactions, Vol. 24, of the Royal Irish Academy 
(1869), 

In the preparation of the book 1 have freely consulted 
ME works of Salmon, Clebsch, Wielitner, Basset, Pascal, 
Hilton, Loria, Teixeira, etc., and the several papers of 
Zeuthen and Noether, published in journals and periodicals, 
References were traced mainly from Pascal’s Repertorium 
and Prof. Hilton’s Plane Algebraic Curves was very 
useful in the selection of appropriate examples for illustra- 
tion. Much interesting and important information with 
regard to Special curves was gathered from Loria’s and 
Teixeira’s books. My indebtedness to these authors is 
hereby gratefully acknowledged, and it is impossible to 
record in detail how much help I have derived from their 
classical works. 
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In concluding this preface, I desire to say that in 
addition to the works of authors mentioned above, I have 
consulted with much advantage some notes on cubics 
and quartics by my colleague Dr. Haridas Bagchi, 
Ph.D., and I am indebted for useful hints and 
suggestions to Mr. A. C. Bose, M.A., Controller of Exa- 
minations, University of Calcutta. Once more I register 
here my deep indebtedness to the late lamented Sir Asutosh 
Mookerjee, Kt., but for whose kindness in encouraging me 
to revise the original lecture notes for the press and his 
subsequent suggestion for a revised second edition, the 
present work could not have been an accomplished fact. 
The volume is dedicated to his sacred and revered 
memory. 


I need hardly say that I shall be very grateful for any 
corrections or suggestions for the impro vement of the work 
which I may receive from teachers or students who may 
use it. 


University or CALCUTTA : 
September, 1926. 
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CHAPTER I 


Curves OF THE THIRD ORDER 
Section I. General Properties, 


1. Tar Genera, Equation or Cuntc Curves: 


The general equation of a curve of the third order 
involves ten arbitrary constants, and consequently, the 
number of disposable constants in the equation is nine, and 
a cubic can be made to pass through any nine points. 


The genera] equation of a cubic curve in homogeneous 
co-ordinates, arranged in powers of x, can be written in the 
symbolic form as— 


uoz? tuz’ Husz tu, =0 


where u, isa constant and U,, u,, u, are homogeneous 
expressions-of the first, second and third orders respectively 
in wand y. The equation contains nine disposable constants 
and therefore determines a general curve of the third order. 


2. CLASSIFICATION OF CuBic CURVES: 


In the classification of curves those distinctive properties 
are regarded as fundamental which are unaffected by pro- 
jection, and for purposes of classifying cubic curves, the 
properties of the configuration of the inflexions and the 
constant cross-ratio properties* of any four tangents drawn 
from any point on the cubic have generally been used. 
Newton,t basing his classification on the nature of the 
infinite branches, divided the cubics into fourteen genera, 


e 
* Salmon, Théorèms sur les courbes du troisième degré, Orelle, 
Ba. 42 (1851). 
t Newton, Enumeratio linearum tertii ordinis (1708). 
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containing 72 species to which six others were added, four 
by Stirling and two by Cramer, making in all 78 species. 
Plücker * likewise established 61 divisions called groups, and 
based his classification of cubics on the nature of the points 
at infinity, and obtained 219 different species. Prof. Cayley t 
re-examined this division into groups and compared them 
with Newton’s species. Salmon f gave as many as thirty 
species and his classification proceeds almost on the lines 
of Newton. Möbius, § however, investigated a projective 
classification of cubics, based on the properties of cubic 
cones, and obtained 7 classes of curves. Finally, Wiener || 
gave 13 different species of cubic curves, by using a canonical 
form, 


aS ty’ zs 6y. =0 


of which ten are non-singular and three with double points. 


3. Nerwton’s Metnuop or CLASSIFICATION: 


Newtou’s method § of classification of cubic curves de- 
pends upon reducing the equation of the curve to the form— 


y? =ax? be? +cr+d 
or y* =a(c—a)(2—B)(w—y) (1) 


where a, ß, y are the roots of the right-hand side expressen 
equated to zero. Newton calls this a divergent parabola, 
and established the theorem that every cubic may be 


*Pliicker, System der Analytische Geometrie (1835). 


t Cayley, On the Classification of Cubic Curves. Transactions of 
the Cambridge Philosophical Society, Vol. IJ (1866), Part I, pp. 81-128, 
Coll, Works, Vol. V, pp. 354-399. 


ft Salmon, H. P. Curves §§ 202-209. 
§ Möbius, Leipzig Abhandlungen, Vol. 1 (1852), p. I. 
|| Wiener, Die einleitung der eb. Kurven, etc. (1901). 


T Rouse Ball, On Newton Classification of Cubic Curves, Proo. Lond. 
Math. Soc., Vol. 22 (1891), p. 140. 
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projected into one of the five divergent parabolas given by 
the equation (1), according to the nature of a, 8, y. Since 
a real cubic has at least one real point of inflexion, the 
transformation can be effected by taking for z the tangent 
at the real inflexion, and for y the harmonic polar, and then 
projecting the inflexional tangent to infinity, so that the 
harmonic polar now becomes a diameter of the cubic. 


Case I, When a, B, y are all real and distinct. The 
curve consists of an oval and an infinite branch, and is 
called by Newton Parabola compant formis cum ovali. 
Cayley calls it a compler.* 


Jase II. lf a is real, but 8 and y conjugate imagi- 
naries : 


The equation can be written in the form— 


y’ =a(x—a) {(e—p)*+q°} 

It is seen that real points will be obtained only when 
«>a, whence it follows that the curve has only an infinite 
branch, and is called Parabola pura (Cayley’s simpler). 

The classes (T) and (IT) have no singular points and are 


the typical fundamental forms of all non-singular curves 
of the third order, whose discriminant does not vanish. 


Tf the curve is given in any system of co-ordinates, to 
‘determine its nature we have to ascertain whether it can be 
brought to the above two forms; and if the discriminant is 
positive, it is a complex, and if negative, a simplex.t 


Case TIT. If a=fand y real, the equation takes the form 
y*=a(e—a)*(#—y) 

and shows that when a<y, the oval shrinks into an isolated 

point (acgode), and the curve consists of an infinite branch 


*@ayley, On the inflewions of the cubical divergent parabolas—Quart. 
Journal of Math., Vol. 6 (1864), or Coll. Works, Vol. V, pp. 284-288. 


t Cremona, Considerazioni sulle curve piane del terz’ ordine—Giorn 
di Mat., Vol. 2(1) (1864), p. 78. 
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and a conjugate point, and is called Parabola punctata 
(Cayley’s acnodal cubic). 


Case IV. When a is real and B=y, Then from the 
equation y*=a(#—a)(*#—f)* it is seen that (8, 0) is a 
double point, and real points are obtained for #Sa. The 
curve is called the Parabola nodata (Cayley’s srunodal cubic). 


Case V. If a, B, y are all real and equal, the equation 
becomes 


y? =a(æ—a)’ 


The curve possesses a cusp and is called Parabola 
cuspidata (Cayley’s cuspidal cubic). 


4. CHASLES’ CLASSIFICATION : 


ChasJes * established a supplement of Newton’s theorem 
namely, every curve of the third order can be projected into one 
of five central cubics, given by— 


yan? +3bety t 3cry* + dy? 
=a(a—ay)(«— By)(2—yy) (2) 


This form is obtained by projecting the harmonic polar, 
instead of the inflexional tangent, to infinity. The inflexion 
then becomes a centre and every chord through it 18 
bisected. Proceeding as before, it is found that the corres- 
ponding curve belongs to one of five different categories.t 
It is not considered necessary to enter into further details 
of the theory in the present work, but the reader is referred 
to G. Loria—Spezielle Algebraische und Transzendente ebene 
Kurven, Vol. I (1910), pp. 14-25, where a complete list of 
references and enumeration of the different species of 
Newton are to be found. 


* Ohasles, Aperçu historiqae (Bruxelles, 1837), Note XX. 


J. G. Teixeira calls them ‘‘ Chasles’ cubics”—Tratado de las 
curvas especiales notables (Madrid, 1905). 
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5. CLASSITICATION BASED ON DEFICIENCY : 


A curve of the third order can have at most one double 
point, and no other multiple point. Hence, according to 
their deficiencies, cubic curves may be divided into the two 
following fundamental classes : 


(1) Non-singular or anautotomic cubics, which have no 
double points, and the deficiency is unity. 


(2) Singular or autotomic cubics, which have a double 
point, and the deficiency is zero. 


Singular cubics can again be subdivided into three 
species according to the nature of the couble point: 


(1) Nodal cubics—in which the double point is a node, 
with two distinct tangents (real). 


(2) Cuspidal cubics—in which the double point is a 
cusp with coincident tangents. 


(3) Acnodal cubics—in which the double point is a con- 
jugate point with imaginary tangents. 


The characteristics of these three classes of cubics, 
calculated by means of Pliicker’s formule, are * :— 





























| n d x m | T t | Pp 
Non-singular 3 0 0 | 6 | 0 | 9 | l 
Nodal or 
Acnodal | | : 2 a i i | 9 
® 
Ouspidal 3 | 0 1 | 3 0 1 Q 











* Theory of Přùne Curves, Vol. I, § 146. 


6 THEORY OF PLANE CURVES 


6. Particutar Forms or EQUATIONS: 


The homogeneous equation of a cubic passing through 
the vertex A of the triangle of reference is— 


tu, bau, +u,=0 (3) 


where t., ug, us, are functions of y, z, of orders 1, 2 and 3, 
and u, =0 represents the tangent at the vertex. 


If, however, the vertex A is a double point on the curve, 
the equation should contain no «°, and consequently, it 
takes the form w«#t,-+-w,=0, where “u, and u, are homo- 
geneous functions of the second and third orders respec- 
tively in y and z, and u,=0 is the equation of the tangents 
at A. Hence, the point A will bea node, a cusp, or a 
conjugate point on the curve, according as u, represents 
two real and distinct, coincident, or imaginary right lines. 


If the vertex A is a point of inflexion on the curve, 
the tangent at A meets it in three consecutive points. 
Hence, if y be eliminated between u, =0 and the equation 
(3), the resulting equation should have :* as a factor, 
which requires that the co-efficient of « should vanish, 
i.e., u, should contain v, asa factor. Thus, the equation 
of a cubic having a point of inflexion at A is— 


vu, Heu, v, Hu, =0 (4) 


The equation of a cubic circumscribing the triangle of 
reference is of the form 


vruty vtz wt kryz =0 (5) 
where u,v, w are linear expressions in y, Z; z, wand w, y 
respectively. 
7. Cusics THROUGH Nine Points: 


Let w=0 and v=0 be the equations of any two cubic 
curves. Then, u=kv represents a cubic curve passing 
through the nine intersections of the curves u and v. 
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If, however, u and v are degenerate, consisting each of 
three right lines, the equation of a cubic may be written in 
the form 


nvw= ku'v'w' (6) 


This shows that the cubic passes through all the nine 
intersections of the straight lines u, v, w, w, v’, w, t.e., through 


oy of 


the points a, b, c, a’, b’,c’, a”, b”, c”, as in the figure. 





That the equation of all cubics can be put into the form 
(6) can be shown as follows :— 


“The equation of a cubic circumscribing the triangle of 
reference is of the form— 
wu, Feu, bye(my + nz) 
=a(cu, +u, —lyz) +y2(le + my+nz)=0 


where } is at vur disposal. If now we determine l so that 
the discriminant of zu, +u, —lyz vanishes, the equation of 
the cubic reduces to the desired form. 

We may state the following theorem : 


If the three points of intersection of a line with a cubic are 
joined to those of another line, the joining lines meet the cubic 
again in three collinear points. 


8 THEORY OF PLANE CURVES 


8. Tae TANGENTIAL OF A POINT: 


DeriniT1ion: The point where the tangent at a given 
point on a cubic meets the curve again is called the 
tangential * of the point of contact. 

If in the equation (6) we put u=v, j.e. if the lines 
Aand B coincide, the equation takes the form 


wuoaku'v'w (7) 


which shows that a’, v', w are tangents, the points of contact 
lying on the line vu. 


The same equation further shows that the three other 
points where these tangents meet the cubic again lie on the 
line w. 


Hence we obtain the theorem t: 


If a right line meets acubic in three points, the tangents at 
those points meet the cubic again in three other collinear points, 
or in other words, the tangentials of three collinear points are 
collinear. 

It is to be noted that if the tangential coincides with 
the point, the tangent has a contact of the second order, and 
the point is an inflexion on the cubic. 


9. Tue SATELLITE or A Rigut LIne: 


Derinition: The line on which lie the tangentials of three 
collinear points is called the satellite of the line of 
collinearity. 

Thus, in the preceding article, the line w is the satellite 
of the line w. 


* This point is also called the satellite point of the tangent-—Cayley, 
Ooll. Works, Vol. II, p. 409. 

+ This theorem is due to Maclaurin, See Jonquières, Mélanges de 
géometric (1856), p. 223. 
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If in the equation (7), we suppose the line u to move to 
infinity, the lines w’,v’,w’ become tangents whose points of 
contact are at infinity, 7z.c., the lines w’,v’,w’ are asymptotes of 
the cubic, We thus obtain the theorem*: 


The three points in which a cubic intersects its asymptotes 
lie on a right line, which is called the satellite of the line at 
infinity. 


The equation (7) now takes the form— 
I?w=ku'v'w! we (8) 


where I=0 is the line at infinity. Remembering that the 
quantities u’,v’,w' and w are proportional to the lengths of 
the perpendiculars drawn from a point on the curve to 
those lines, the equation (8) admits of the following 
geometrical interpretation : 


The product of the perpendiculars drawn from any point 
on the cubic to its asymptotes is in a constant ratio to the 
perpendicular drawn from the same point to the satellite of 
the line at infinity. 


10. THEOREM 


= If two of the points of intersection of a line with a cubic be 
points of inflexion, the third must also be a point of inflexion. 


The tangent at a point of inflexion has three-pointic 
contact with the curve. Consequently the tangential of a 
point of inflexion coincides with the point itself. Thus, if 
the points a and b are points of inflexion, their tangentials 
respectively coincide with them, t.e., the satellite coincides 
with the‘line ab itself. Hence, the tangential of the third 
point,c, where ab meets the cubic, coincides with c, t.e., cis a 
point of inflexion. 


* Poncelet, Orelle, Bd. 8 (1882) p. 130, 
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If in the equation (6), w'=v} =w’, the equation takes the 
form uvw=ku'’, which shows that u,v, w are the inflexional 
tangents, their points of contact lying on w’. Thus, 


If a cubic has three real inflexions, they lie on a right line. 


11. THEOREM: 


A curve of the third order cannot have more than three real 
points of inflexion.* 

If the vertices Band C of the triangle of reference are 
two real points of inflexion on the curve, the third real 
point of inflexion must lie on the line BC (c=0). Hence 
the equation of the cubic can be put into the form 


(a-+-nz)(a+my)(@+ey+vz)=Az (9) 


If, again, the vertex A be a real point of inflexion on 
the curve, the co-efficient of 2* should be wanting in the 
equation (9) and the co-efficient of x should contain that of 
r? as a factor, which requires that A=1, and 


(m+ p)(n+v)(pn-+yvm+mn) 
=(n+v)® pm+ (m+ p)Pnv (10) 
Now, putting ma=p and nB=yv, the second condition 
reduces to (1+a)*+(1+)*=(1+a)(1+ 8), which is a 


quadratic in s , with complex roots. Hence it is not 


possible to assign real values to m,n, which will satisfy (10). 
Therefore, the vertex A cannot be a real point of inflexion. 


12, From what has been said in Art. 8, it follows that 
if tangents be drawn from three collinear points a,b,c, on a 
cubic, then the line joining the point of contact of any 
one of the tangents from a to that of any one of the tangents 
from b passes through the point of contact of one.of the 
tangents from c. But from each of the points a, b,c, 
four tangents can be drawn to the cubic. 


* This proof is taken from Basset’s Cubic and Quartic Curves, 
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Consequently, the points of contact of these tangents lie 
on sixteen different lines which have the line abe for satellite. 
Hence, we obtain the theorem®* : 


A given line has only one satellite, but is itself the satellite 
of sixteen different lines. 


It is to be noted that the twelve points of contact lie on 
sixteen different lines, three on each, and the sixteen lines 
pass through the twelve points, four through each.t 


13. THEOREM 


The four points of contact of tangents drawn from any 
point on a cubic are the vertices of a auadrilateral whose 
diagonal points have the same tangential as the given point. t 

Let a,,@,,0,,¢,, b,,0,,b,,0,, and c,,c,,c,,c, be the points 
of contact of tangents drawn from three collinear points 
A,B,C respectively. These points lie on sixteen lines, 
Suppose A and B coincide. Then, this coincident point 
must be one of the four points ¢,,¢,,¢,,¢,, say (c,). The 
sixteen lines now reduce to the six sides of the quadrilateral 
@,4,4,a,, each taken twice and the tangents at the vertices 
d,a, Hence the intersection of a pair of opposite 
sides is one of the three points ¢,,c,,c,, and the tangents at 
the vertices meet the cubic in the same point A, če., €,,C,,¢, 
are the diagonal points of the quadrilateral a,a,a,q,. 


Cor. The following theorem is easily deduced : 


Two tangents being drawn from any point on a cubic, 
the tangent at the third point, where the chord of contact 
meets the curve, meets the tangent at the given point at a 
point on the curve. 


* Dumont, Introduction ù la géométrie des courbes du troisième ordre 
(1904), p. 73. 

+ Hesse, Crelle, Bd. 36 (1848) p. 143. 

t Cremona, Introduzioni ad una teoria geometrica delle curve piane 
(1861), §146. For other similar properties, see Mangeot, Bull, Soc. 
Matk. de France, t. 21 (1893), p. 44. 
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Es. 1. Two cubics with the same asymptotes intersect in three 
finite collinear points, 


Ee, 2. If six of the intersections of two cubics lie on a conic, the 
other three are collinear. 


Ee. 3. Every curve of the n-th degree which passes through 
8n—~1 fixed points on a cubic passes through one other fixed point on 
the curve. 

Ee. 4. Discuss the case when n=1 or 2. 


Ew. 6. Three cubics pass through seven points. Prove that the 
line joining the remaining intersections of the cubics taken in pairs 
form a triangle whose vertices lie one on each of the cubics. [Apply 
the principles of residuation. ] 


14. STEINER’S POLYGON: 


Let P and Q be any two fixed points on a cubic. Join 
a third point A, on the cubic with P, and let PA, meet the 
cubic in a third point A,. Join A,Q and let A,Q meet 
the curve in A,. Join A,P and let A, be the point where 
A,P meets the curve, and soon. In this way we obtain a 
polygon A,A,A,A,......inscribed in the cubic such that the 
sides ultimately pass through two fixed fundamental points. 


There are then two cases possible :—either the series is 
not closed, when the construction can be further continued 
or it is always closed by the same even number 2n of 
sides. The figure thus obtained is called a Stezner’s polygon, 
and P and Q are said to form a Steiner's pair of order n.” 

If P, Q are Steiner’s pair of order n, and R is the point 
where PQ meets the cubic and S the point of contact of 
one of the tangents from R, then PS and QS are Steiner’s 
pairs of order 2n.t 


If the tangentials of two points are a Steiner's pair of 
order n, the points themselves form a Steiner’s pair of 
order 2n.t 


# Steiner, Crelle, Bd. 82 (1846), p. 182. 


+ Olebsch, Orelle, Bd. 63 (1864), p. 94, and Oruber, Orelle, 
Ba, 114 (1894), p. 312. 
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If a Steiner’s pair is projected from any point of acubic, 
the projections form a Steiner’s pair of the same order. 


The same process can be applied in constructing a 
polygon inscribed in a binodal quartic, taking those 
nodes for the fixed fundamental points. Prof. Steiner 
enunciated these propositions and a number of others in 
his paper Geometrische Lehrsiitze—Crelle, Bd. 32 (1846), 
pp. 182-184, without proof, but these were proved by using 
elliptic functions by Clebsch—Ueber einen Satz Von Steiner 
und einige Punkte der Theorie der Curven dritter Ordnung— 
Crelle, Bd. 63 (1864), pp. 106-121. 


They were considered geometrically by P. H. Schoute 
—Die Steinerschen Polygone—Crelle, Bd. 95 (1883), pp. 
105-119. For further information on Steiner’s polygon and 
other polygons connected with a cubic curve, the student is 
referred to Clebsch’s paper cited above, and also the paper 
by H. S. White—Annals of Mathematics (Cambridge) 
Vol. 7 (2) (1906) p. 172. 


15. THEOREM: 


If two pairs of oppusite sides of a hexagon inscribed in a 
cubic meet in potnts on the cubic, the third patr also intersects 
on the curve. 

Let the first, third and fifth sides of the hexagon be 
denoted by P, Q, R and the second, fourth and sixth sides 
by P’, Q’, R’ respectively. Let P, P’ intersect at A, and 
Q, Q’ at B on the cubic. Then the third pair R, R’ must 
intersect at a point on the curve. 


For, consider the following cubics through eight points, 
t.e., the eix vertices of the hexagon and the two points 
A, B:— 

(1) the given cubic, 

(2) the cubic consisting of the lines P, Q, R, 

(B) » » 5 ‘i » P,Q’, BR. 


14 THEORY OF PLANE CURVES 


Therefore they must pass through a ninth* common 
point, t.e., R and R’ intersect the cubic at the same point’ 
C on the curve. 

Cor. If R and R’ are tangents to the cubic, the 
theorem becomes :— 

If the opposite sides of a quadrilateral inscribed in a 
cubic intersect on the curve, the tangents at the opposite 
vertices meet at the same point on the cubic, i.e., the opposite 
vertices have the same tangential point. 


It may be shown further that the tangentials of three 
pairs of opposite vertices are collinear.t 


16. INTERSECTIONS OF A CONIC WITH A CUBIC: 

Let a conic meet a cubic in six points A, B, ©, D, E, F, 
and let AB, CD and EF meet the cubic again at the points 
P, Q, R. Then P, Q, R are collinear. 

Consider the three cubics through eight points, če., 
ABCDEFPQ. 

(1) The given cubic, 
(2) The lines AB, CD, EF, 
(3) The conic and the line PQ. 

They must then pass through a ninth common point, 
namely, the point R, which must be on PQ, since it cannot 
lie on the conic. 

If, however, A, C, E, respectively coincide with B, D, F, 
the conic has simple contact with the cubic at A, ©, E, and 
P, Q, R become the tangentials of these points. Hence 
we obtain the theorem: { 

The tangentials of the three points, at which a conic has 
stmple contact with a cubic curve, are collinear. 


* Theory of Plane Curves, Vol. I, § 28. 


+Cayley, “Memoire sur les courbes du troisieme ordre,” Coll. 
Papers, Vol. I, p. 184. 


t Durége, Die ebenen Kurven dritter Ordnung (1871), p. 186. 
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Fo. 1. The tangentials of six points of intersection of a conic 
with a cubic lie on a conic. (Cremona § 145). [Apply residuation]. 


Eo, 2. A triangle is inscribed in a cubic. If the tangentials of 
two vertices lie on the opposite sides, shew that the tangential of the 
third vertex also lies on the opposite side. (Durége). 


[Consider the three cubics—the given cubic, the three sides and 
the three tangents at the vertices. They pass through nine common 
points. ] 


17. This theorem enables us to construct E, when A and C are 
given, by a simple process : 


Draw the tangents to the cubic at the points A and O, and let these 
tangents intersect the curve again in A’ and C’ respectively The 
line A/C’ intersects the cubic again at a point E’. The points of 
contact of the tangents drawn from E’ are the required points E. But, 
in general, four tangents can be drawn from E’ to the curvo, and the 
point of contact of any one of these tangents will be the required 
point E. But only three of these points will give the solution of the 
problem; for AC intersects the cnbic at a third point D, the tangent 
at which also passes through E’. In fact, the line AC taken twice may 
be regarded as a conic having simple contact with the cubic at the 
points A, C and D. Consequently, there are three different systems 
of doubly infinite number of conics which have simple contact with the 
curve at three different points. 


18. If two of the points A, C, E (say A, ©) coincide, the conic 
has a four-pointic contact at A and a simple contact at E, In con- 
sequence, the points A’ and C’ coincide, and E’ is the tangential of the 
point A’, or as we say, E’ is the second tangential of A. 


Hence to construct a conic having a four-pointic contact at A and 
a simple contact elsewhere, we proceed as follows :— 


Draw the tangent at A to the cubic, and let A’ be the tangential of 
A, and E’ the tangential of A’, i.e. the second tangential of A. 
Then tho four foints of contact of the tangents drawn from E’ to the 
curve will be the required points E. But one of these points is A’, 
which is the tangential of A. Hence, the other three points of contact 
will give the solution of the problem. 


Thus, three conics can be drawn having a four-pointic contact at 
any given point of a cubic and a simple contact elsewhere. 
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Ex. A conic has a four-pointic contact with a cubic at A and 
meets the curve again at E and F. EF meets the cubic at the second 
tangential of A, 


19. PENncIL OF CONICS THROUGH FOUR POINTS ON A 
CUBIC : 

A cubic is described through four fixed points on a cubic. 
The chord jotning the two remaining intersections of the conic 
with the cubic passes through a fired point on the curve. 

Let A, B, C, D be four given points on a cubic and let 
the sides AB, BC, CD, DA respectively be denoted by æ, y, 
z and w, 

Then the equation of the cubic is vzu=ywv, where u and 
v are linear functions of the variables, and the equation of 
the conic may be written as @z=kyw. 

Combining these two equations, we obtain v=ku, which 
is the equation of the line through the two remaining 
intersections of the cubic and the conic, and for all values 
of k, this line always passes through the fixed point. 
u=v=Q on the cubic. This point is co-residual of the 
four given points A, B, C, D, 

If A, B, C, D are the points of contact of the tangents 
drawn from any point P, then from the preceding article it 
follows that the fixed point O is the tangential of P.* 
The points P, OŽA, B, C, D and the diagonal points of the 
quadrilateral ABCD form nine associated points, 


20. THEOREM: 


If a conic osculates a cubic at two distinct points, the chord 
of contact intersects the curve again in a point of inflexion. 

Consider a conic which has a contact of the second 
order with a cubic at the two points A and B. The conic 


* Schröter, Die Theorie der ebenen Kurven 3 Ordnung (1888), 
p. 108. 
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passes through three consecutive points at A and at B 
Let A'B’ and A”B” be two other lines consecutive to AB, 
such that they pass through these consecutive points at A 
and B. These lines intersect the cubic in three other 
consecutive points ©, C’, ©”. 


Consider the following three cubics passing through the 
eight points A, A’, A”; B, B’, B”; C, C’:— 

(1) The given cubic, 

(2) The cubic consisting of the three lines A’B’, 
AB, A”B”, 

(3) The conic and the line CC’. 


Therefore they must pass through a ninth common 
point ©,” 7.e., the line CC’ must pass through ©”. Thus 
three consecutive points C, C’, C” are collinear, or, in other 
words, the point C in which the line AB cuts the cubic 
again is a point of inflexion on the cubic. 


The theorem of this article may be stated in a different 
form :— 


Every chord drawn through a paint of inflerion intersects 
a cubic in two other points such that a conic can be described 
having a three-pointic contact with the curve at those points. 


Again, since a cubic has nine points of inflexion, there 
are nine different systems of conics which have a contact 
of the second order at two points of a cubic curve. 


21. SEXTACTIC POINTS ON A CUBIC 


DEFINITION: A sextactic point on a curve is a point, the 
osculating conic at which has six-pointic contact with the 
curve at thatepoint. 


From what has been said in the preceding article, it 
follows that when the points A and B coincide, the conic 
has six-pointic contact with the cubic at A, which now 
becomes the point of contact of a tangent drawn from a 
point of inflexion, 


3 
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Hence, the points of contact of tangents drawn from a 
‘point of inflexion are sextactic points on the cubic.* 


Since there are nine points of inflexion on a non- 
singular cubic and from each point of inflexion only three 
tangents can be drawn to the curve, it follows that there 
are twenty-seven sextactic points on a cubic curve. 


Hence we may state the following theorem :— 


The points of contact of tangents drawn from the points of 
inflexion are sextactic points, and there are twenty-seven such 
points on a non-singular cubic curve. 


If, however, the cubic has a node, there are only three 
points of inflexion and from each point only one tangent 
can be drawn. 


Thus, there are only three sextactic points on a nodal cubic. 


It will be noticed that there can be no such point on a 
cuspidal cubic. 


Halphen considered the case of coincidence of 3m points 
of intersection of an m-ic with a cubic, t.e., of 3m-pointic 
contact. For m=1, we get the nine inflexions, for m=2, 
we get the 27 sextactic points, and when m=3, Halphen 
calls the point “ coincidence point”—Math. Ann., Vol. 15 
(1879). 


The above theorem may very easily be proved by 
applying the principles of residuation. 


Let P be a point of inflexion and A the point of contact 
of a tangent drawn from P, 


Then [8P]=0 and [P+2A]=0, or, [3P+6A]=0. 


* Cayley——“ On the conic of five-pointic contact at any point of a plane 
curve ’—Phil. Trans., Vol. 49 (1859), pp. 371-400. The theory of 
sextactic points on any curve has been discussed by [Cayley in 
his paper—On the se@tactic points of a plane cyrve—Phil Frans., 
Yol. 155 (1865), pp. 545-578. 
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Hence by the subtraction theorem, [6A]=0, or, A is a 
sextactic point. 


It will be shown hereafter that the points of contact of 
tangents drawn from an inflexion are collinear. Therefore 
the sextactic points lie by three on nine right lines. 


Ex. 1. Prove that the points where the harmonic polars intersect 
the cubic are the sextactic points. 


Ea. 2. Shew that of the sextactic points nine are real and 18 
imaginary. 


22. THEOREM: 


If a conic osculates a cubic at two distinct points, one of 
which ts a sertactic point, then the other point must also be a 
sextactic point. 


This is easily proved by residuation as follows 


Let P and Q be the two points of osculation. Then we 
have 
[3P-+3Q]=0 


But, P being a sextactic point, [6P]=0. 


Therefore, by the theorems of multiplication and subtrac- 
tion, we obtain [6Q]=0, which shows that six consecutive 
points at Q are the complete intersections of the cubic with 
acurve, which is evidently a conic. 


The properties established in this and the preceding 
articles can easily be obtained by expressing the co-ordinates 
of a point on the curve in terms of elliptic functions, as will 
be shown in®a subsequent Chapter. 


Ee. 1. Through four given points on a cubic, four conics can be 
drawn touching the curve elsewhere. 

Ez. 2. Shew that the tangents at the four points of contact in 
Es. 1. meet the cubic at the same point. 
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23, CHASLES’ METHOD OF GENERATION OF CUBIC CURVES: 


The theorem of §19 suggests a method of generating 
the cubic curve by points. 


The conics through A B C D and the lines through O 


form two projective pencils, which generate the cubic curve. 


Let A, B, C be three fixed points and 0 any other point 
on the cubic. Then any line through O meets the cubic in 
two other points HK, F, and the conic ABCEF meets the 
cubic again in a fixed point D, and the line OEF and the 
conic ABCDEF have a one-to-one correspondence. 


From this theorem of Cremona, Chasles gave a method 
of constructing a cubic through nine given points.* 


Let L+AM=0 be a pencil of lines, whose vertex is the 
point L=M=0. A pencil of conics, projectively related 
with it, is p +Ay=0. Tf we eliminate A between these two 
equations, we obtain 


fxzlLy—Mo=0 
which evidently vepresents a cubic curve passing 
through nine points, namely, the four points of intersection 


of ¢ and y, the points where L intersects ¢, and M inter- 
sects y, and the point L=M =0. 


It will be noticed that the point L=0, M=0 is the 
coresilual of the system of four points common to ¢@ and y, 
and is called the point opposite to the four points. 


Hence we obtain the following :— 


If four points on a cubic be taken as the base of a pencil 
of conics, the opposite point is the verter of a pencil of lines, 
projective with the pencil of conics, the two pencils together 
generate the curve. 


* Chasles—Construction de la courbe au troisieme ordre determineé 
par neuf points—Comp. rend., Vol. 36 (18538), p. 943. 

Chasles gave another construction in Com p rendns, Vol 37 (1853), 
p. 276. 
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Id. GRASSMANN’S CONSTRUCTION 


The locus of a point, such that the lines joining it to three 
fired points intersect three fimed lines in three collinear points, 
is a curve of the third ovder.* 


Let P(a, y, 2) be the variable point, and a(a,, a5, @,), 


U(b,, ba. bs) and e(c,, Cz, Cs) be three fixed points, with 
reference to the three fixed lines as the sides of the triangle 





of reference, then the equation of the line Pa is— 
X( ya, —20,) + Y (2a, —wa,) + Z(«a, —ya,) =0 (1) 
This meets the side L (X=0), 


where = Zan (2) 


Similarly, the other two points of intersection are given 





x Y —7, 
b — — Z pees = 3 
and x = =r. = Ls (4) 
él - æc, YCa — 2C; 0 


* Grassmann—Orelle, Bd 31 (1846), p. 111, Bd. 36 (1848), p. 117, ete. 

For different methods of construction, see Cayley--Journal de 
Math. pures et appliques t. 9(1). (1844) p. 287, Schréter--Math. 
Ann, Bd. 5 (1872), p. 50. Hurwitz—Crelle, Bd. 107 (1891), p 141. 
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If these three points are collinear, we must have 


0 (uae—Yya,), —(za,—ua,) , =0 (5) 
zb, —yb,, 0 —yb,—2zb, ) 
20, —~—."C,, —(yc,—2C,) 0 | 


From equation (5) it follows that the locus is of order 
three and passes through the points a, b and c, and through 
the vertices of the triangle of reference. It can be shown 
that the curve passes also through the points where the 
lines bc, cu, ab respectively meet the sides. 


Hence the cubic is determined by these nine points. It 
can further be shown that all curves of the third order may 
be generated in this manner. Of the nine points, a, b, c and 
the vertices of the triangle of reference form two triangles, 
whose vertices are situated on the curve and whose sides 
respectively meet in three points on the curve. If now we 
consider these last three points as arbitrarily given on the 
curve, it can be shown that there are four triangles, of 
which the vertices a, b, c are situated on the curve of the 
third order, and whose sides pass separately through three 
given points on the curve. 


For further information on the generation of cubic 
curves, the student should consult the papers cited before. 
The converse theorem that every cubic can be constructed 
by this method has been proved by Clebsch— Math. Ann., 
Bd. 5 (1872), p. 425. 


Ew. 1. Indicate the method how a cnbic can be generated by 
means of nine given points. 


Ex. 2. Given nine points, constrnct by ruler the ingersection of 
the cubic through them with the line through two of the points, or 
the conic through five. 


Ea, 3. Shew that a cubic with a double point can be generated 
by means of two projective pencils of lines and conics, such that the 
vertex of the pencil of lines is a base-point of the pencil of conios. 
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Section TI Harmonic Properties. 


» 


25, Porar Conic anv POLAR Line: 


Every point has a polar conic and a polar line with 
respect to a cubic. The polar conic is the first polar which, 
therefore, passes through the points of contact of the 
tangents drawn from the point to the curve. 


The equation of the polar conic of a point (æ', y’, 2’) is 


Of. F 4 Fo 
TaT” y a ' 


and that of the polar line is— 


The equation of the polar conic in the expanded form 
may be written as— 


a'e? bly? els? 4 2f'yz + 29'29 + 2h'xy=0, 


where, a’, b’,c’... represent the second differential co-efficients 
in which (z’, y’, z') have been substituted for (æ, y, z). 


The first polar of any point is a conic which meets the 
cubic in six points, which are the points of contact of the 
tangents that can be drawn from the point to the cubic. 
Thus the class of a non-singular cubic is siz. If, however, 
the cubic has a node, the class reduces to four only, and the 
class of a cuspidal cubic is only one.* 


Ev. 1. The tangentials of the six points of contact of the tangents 
drawn from any point to a cubic lie on a conic having double contact 
with the first polar of the point. 


‘Ee. 2. Show that the points of contact of the two conics in Ex, 1. 


are the points where the polar line of the point meets it. [Milinowski— 
Crelle, ‘Bd. 89 (1880), p. 145). 


* Theory of Plane Curves, Vol. T, §§ 120-121, 
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26. Four POLES oF A RIGHT LINE: 


If A and B be any two points on the line, their first 
polars pass through the poles, and since the first polars are 
conics, they intersect in four points, which are the poles of 
the line AB, 


It is evident that the polar conics of points on a right line 
form a pencil of conics through the four poles of the line. 


Conversely, any conic through the four poles of a line 
is the polar conic of some point on the line. 


If, however, the cubic has a node, all the polar conics 
pass through the node, and therefore the polar conics of 
A and B intersect in only three other points, which are the 
poles of the line. 


In the case of a cuspidal cubic, the polar conics pass 
through the cusp and touch the cuspidal tangent, There- 
fore they intersect in two other points only, which are the 
poles of the line. 


If the cubic reduces to three right lines, all polar conics 
pass through the vertices of the triangle formed by them, 
and every right line has only one pole. 


In this case the point and the line are called respectively 
the pole and polar w.r.t. the triangle. 


27. The three pairs of right lines through the four 
poles of a line with respect to a non-singular cubic are the 
polar conics of three points L, M, N onthe line. These 
three points must therefore lie on the Hessian of the cubic, 
Hence L, M, N are the points in which the line intersects 
the Hessain, which is therefore a curve of the third order. 


Let the four poles of the line AB be P, Q, R and S, and 
let the pairs of lines PQ, SR; PS, QR, and PR, QS, 
which constitute the polar conics of the three points 
L, M, N on AB, intersect in the points E, F, O respectively. 
Then the polar conics of O, E, F break up into pairs of 
right lines intersecting at L, M, N respectively. 
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Suppose the two poles S and R coincide. Then O and F 
coincide with R and therefore the corresponding points 
M and N must coincide. 





F 


Thus the line LMN becomes a tangent to the Hessian 
at the point M, corresponding to O or F. The point L 
corresponds to E. Hence, if a line touches the Hessian, 
two of the points O, E, F coincide at one of the poles, which 
corresponds to the point of contact. This is true for every 
tangent to the Hessian, and we obtain the theorem : 

The Hessian is the envelope of a line two of whose poles 
coincide. 

The four poles of a tangent to the Hessian are the points 
R counted twice and the points Pand Q. But P and Q 
become the points of contact of PF and QF with their 
envelope, which is the Cayleyan.* 

We mayededuce the following as a particular case :— 
The polar line of any point on the Hessian with respect 
to the cubic is the tangent to the Hessian at the corresponding 
point. This will be directly proved in a subsequent article, 


* Theory of Plane Curves, Vol I, § 100. 
4, 
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' 28. THEOREM: 


The points of contact of the tangents, drawn to a cubic from 
a point of infle:ton, lie on a right line. 


The equation of a cubic having the vertex A of the 
triangle of reference as a point of inflexion is— 


fear un, Heu, v, tu, =0. 
The flrst polar or the polar conic of A is— 
Of =u, (2e+0,)=0, i.e, the polar conic breaks up into two 


right lines, one of which u, =0 is the tangent at A, and 
the other line 2e-+v,=0 passes through the points of 
contact of the tangents drawn from A, 


DEPINITION: The line 2x+v,=0, which passes through 
the points of contact of the tangents drawn from a point 
of inflexion, is called the Harmonic Polar of the point 
of inflexion.* 


29. THEOREM: 


The chords of contact of tangents drawn from any point of 
a cubic are harmonic conjugates of the tangent at their inter- 
section and the line joining the intersection with the point. 


Let L, M, L’, M’ be the four tangents drawn from A, 
whose chords of contact are respectively P,Q, intersecting 
at the diagonal point c, (§, 13), where N is the tangent. 
Then the equation of the cubic can be writtenin either 
of the forms— 


LMN—P?R=0, L’M’N—Q?R=0, 
where R is the tangent at A. 
* This line is called the harmonic polar simply to distinguish it from 


the ordinary polar line of the point A, which, in the present case, is the 
inflexional tangent at A. Jonquiéres—Mel. de geomé¢trie pure. p. 228. 
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We have then the identity— 
N(LM--L/M’) =(P*—Q*) R, 


the right-hand side of which represents three right lines. 


Consequently the left-hand side will also represent three 
right lines. Evidently, N is one of P+Q, and R is a factor 
of (LM—L'M’). Hence the other factor of LM—L'M’ 
must be one of P+Q., 7.e., the line Ac,. But the four lines 


P,Q, P+Q form a harmonic pencil, which proves the 
proposition. 


30. Macravrin's THEOREM: 


Any line drawn through a point of a cubic is cut harmonically by the 
curve and the chords of contact of tangents drawn from the point, 


Let the line through A meet the cubic in two other points P and Q 
and the chords of contact of tangents drawn from A at the points 
Land M respectively. Then, if the chords intersec’ at the point O and 
the line APQ mects the tangent at O in R, then ALRM is a harmonic 
range, so that 


—— 
By another theorem of Maclaurin,* since the line APLMQ through 


L meets the cnbic in A,P,Q and the tangents at three poitits 
(collinear with L) in A, \, R, wo have— 


ee a eer ae a I 
LP LA LQ LA” LA’ ir 
E cere en E ee 


1e, PQUM is a harmonic range. 


The theorem still holds, if the cubic has a double point, 
and consequently, when only two tangents} can be drawn. 
In this case the line joining the double point to the point 
where the chord of contact meets the curve again is to 
be taken as the second chord. 


* Theory of Plane Curves, Vol. I. § 70. wt.) 
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31, THEOREM: 

Every chord drawn through a point on a cubic ts cut 
harmonically by the curve and the polar conic of the point. 

Let febetcytdzr®+eryt+fyi+ge' +... =0 
be the equation of the curve referred to the point O as 
origin. 

Then the polar conic of O is given by— 


Y= 2(be+cy) +de? +ery+fy* =0 


Let the line Fat =r intersect the cubic in Pand Q 
m 


and the polar conic in R. 
Then, from the equation of the cubic, we obtain— 


Oop+0Q@_ 1,1 = dl? +elm+-fm* 
OP.0Q OP OQ ~ bl-Fem 


and from the equation of the polar conic, we have— 


—_ _2(bl-+em) 
IR dl? +-elm + fm’ 


1 1 2 ° d 
whence, op + 60 T oR? e the points O, P, R, Q 
form a harmonic range. 

If, however, the point O is a point of inflexion on the 
curve, the polar conic consists of the inflexional tangent and 
the harmonic polar, and we obtain the theorem.— 

Every chord drawn through a point of infle:ion on a curve 
ts divided harmonically by the curve and the harmonic polar ; 
or in other words, 

If radii vectores be drawn through a point of inflexion, the 
locus of the harmonic means will be a right line (the harmonic 


polar).* 


* This theorem is due to Maclaurin—Die Linearum Geometricarum 
Proprietalibus Generalibus., Sec. III, Prop. 9. 
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Es. 1. Find the harmonic polar of (—1, 1, 0) for the cubic 
(@ +y +z)? +6mayz=0 


Ew. 2. Two chords OPQR and OP’Q’R’ meet the cubic in 
P,Q; P’,Q’ and the polar conic of O in R, R’. Shew that the lines 
PP’, QQ’, RR’ meet at the same point. Shew also that the tangents at 
P,Q,R, are concurrent. 


Ew. 3 Shew that the harmonic polar of the point (0,—1, 1) for 
the cubics of the system w? + y? + 2° + 6mayz=0 is the same. 


32. THEOREM: 


The node of a nodal cubic is the pole of the line joining 
its three points of inflexion. 
Taking the inflexional tangents as the sides of the 


triangle of reference, the equation of the cubic can be 


written as 
xyz=(le4 my4 nz)? =u5, 


If this has a double point (2’, y', 2’), the first differential 
co-efficients must vanish at that point, ze. , we must have 


y’2'=8lu'?, a!’ =3mn'*, gy = 8nw'®, 
where a! =lr' my! tn. 
lz' = my! =n? we (1) 
The polar line of any point (2’, y’, 2’) is— 
(y's! —3lu'*) + y(2'a' —3mu'*) + 2(2'y'—3nu'*)=0 (2) 


If this is to be the same line as lr-+-my+nz=0, we must 
have 


y's’ —3lu'* g'g —3mu'* _ w'y —3nu'* 








l m n 
( 
— [PO d t,t 
æ : 
or, JZ Pte. Le!’ = my! =n! 
l m n 


Therefore, from equations (1), the pole (%', y’, 2’) of 
le-+-my+nz=0 is the double point, which proves the 
proposition. 
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33. PROPERTIES OF THE HARMONIC POLARS: 


A point of inflexion on a cubic possesses, with regard to 
its harmonic polar, properties analogous to those of poles 
and polars in conic sections. 


Taeorem: If two chords be drawn through a point of 
inflection to meet a cubic in four points and the ertremities 
be joined directly and transversely, the two points of inter- 
section lie on the harmonic polar. 


This follows immediately from the harmonic properties 
of a quadrilateral. For, let A be a point of inflexion, and 
let AB and AC meet the cubic in B, D and C, E respect- 
tively. Let BE and CD meetin G and BC, DE intersect 
at H. Then GH is the harmonic polar of A. 


For, if GH meets AB and AC in L and M respectively, 
(A BLD) and (ACME) are harmonic, Hence, GH is 
the locus of harmonic means between AB and AD. 


A 





H 


We may easily deduce the following :—lf a line 
intersects a cubic in three points A, B, C, the lines 
joining A, B, C toa point of inflexion O méet the cubic’ 
again in three collinear points A’, B', CO’, and the two: 
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lines ABC, A'B'C’ meet the harmonic polar inthe same 
point. 

If, however, A, B, C coincide, then A’, B’, C’ also coincide, 
and it follows that the three points of inflexion O, A, A’ are 
collinear, and the tangents at A and A’ meet on the harmo- 
nic polar of O, t.e., 


The inflextonal tangents at two of three collinear points of 
infle:ton meet on the harmonic polar of the third. 


This theorem may be analytically proved as follows :— 


Taking the equation of the cubic in the form 
ayz==(la+ my4 nz)’, 


we see that 2, y, z are the inflexional tangents, and the 
point (0, — n, m) is an inflexion on «=0, whose harmonic 
polar is the line my—nz=0, and this evidently passes 
through the intersection of the other inflexional tangents 
y and z. 


Asa particular case of the above theorem, we may 
deduce the following :—Tangents at the extremities of any 
chord drawn through a point of inflexion intersect on the 
harmonic polar. 


This follows by considering that the lines AB and AC 
coincide, when BC and DE become tangents at B and D. 


Again, if we consider that B and D coincide, j.e, AB 
becomes a tangent, then the harmonic polar passes through 
the point of contact of AB. For, (ABLD) is harmonic, and 
when B coincides with D, it must coincide with L. 


Hence we obtain the theorem that the harmonic polar 
paeses through the points of contact of the tangents drawn 
from the point of inflexion. 

Now, since the harmonic polar intersects the cubic in 
three points, three tangents can be drawn from a point 
of inflexion, and their points of contact lie on a right 
line. 
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34. THEOREM: 


The harmonic polars of three points of inflecion which lie 
on a right line pass through the pole of the line with regard to 
the traingle formed by the inflertonal tangents. 


Taking the equation of the cubic in the form 
aye=(le+-my+nz)> =u? 


the harmonic polars of the three points of inflexion are 
respectively 
my~nz=0, nz—le=0, lz—my=0, 


which evidently meet at the point Ile=my=nz, t.e at the 
point (1/1, 1/m, 1/n) which is the pole of the line 


læ +-nz=0 


with regard to the triangle of reference.* 


When the curve is a nodal cubic, the three harmonic polars 
pass through the node. 


For the harmonic polars meet at the point le=my=nz 
which is the node (§ 32). 


Since only one tangent can be drawn from a point of 
inflexion to a nodal cubic, the harmonic polar is the line 
joining the node to the point of contact of the tangent. 
When the curve has a cusp, the harmonic polar is the 
cuspidal tangent. 


35. INFLEXIONAL TRIANGLES : 


A non-singular cubic has nine points of inflexion, which 
have definite positions relative to one another, namely, the 
line joining any two passes through a third. Hence, it 
follows that through each point there pass four lines, each 
of which passes through two of the remaining eight points 
of inflexion. These lines are called infle cional lines. 


* Soott—loc. cit, § 28. 
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Tn actual arrangement, each line is connted thrice. and 
consequently, there exist only }.9.4=12 such lines. Denot- 
ing the points by the numbers 1, 2, 3, 4, 5, 6, 7. 8, 9, and 
the inflexional line through three points č. j, k by the symbol 
l.;,,, for example, Lia, denoting the line through 1, 2, 3, 
we see that the three lines L,,,, L,,,, L,,, are such that 
they contain all the nine points of inflexion. They form a 
triangle called an /nflevional triangle. 


There are four such triangles, whose sides pass through 
all the nine points of inflexion. Thus we obtain the 
following theorem* :— 

The nine points of inflerton lie, three by three. on twelve 
lines and these lines can be grouped, three by three, to form 
four enflexional triangles such that each group contains all the 


nine points of inflewton. 


Es. 1. Show that there is only one real inflexional triangle, 


Er. 2. Shew that a pencil of cubics pass through the nine 
inflexions of a cubic. 


36. CONFIGURATION OF THE HARMONIG POLARS È 


The nine harmonic polars are the same for all curves of 
the pencil passing through the nine points of inflexion. We 
shall therefore obtain polars of the points of inflexion with 
respect to all these curves, if we consider an inflexional 
triangle as the primitive curve and construct the polar conic 
of a point of inflexion with respect to this triangle. The 
polar conic in question consists of the side of the triangle 
which passes through the point, and of the polar line of the 
point of inflexion with respect to two other sides of the 
triangle. If, therefore, we join the point to the vertex of 
one of the for inflexional triangles, opposite to the side on 
which it lies, and find the fourth harmonic to this line 


* Clebsch—Crelle, Bd. 63 (1864), p. 120. 
+ Hesse—Crelle, Bd. 28 (1844) p. 97 and Bd, 38 (1849) p, 257. 
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and the two sides of the triangle, this last line is the 
harmonic polar. 


It follows, therefore, that the harmonic polars of 
three collinear points of inflexion are concurrent in the 
vertex opposite to the inflexional line. Thus, through a 
vertex of each inflexional triangle, there pass three harmonic 
polars, and consequently each harmonic polar passes through 


one vertex of each of the four inflexional triangles. We 
thus obtain the theorem: 


The twelve vertices of the inflexional triangles are situated, 
four by four, on the nine harmonic polars. The harmonic 
polars of three points of tndexion intersect at a verter of the 
triangle corresponding to the inflemional line; to the sides of a 
triangle there correspond the opposite vertices. 


Thus we see that the nine harmonic polars form a dual 
system to the nine points of inflexion. They determine 
four triangles, through the vertices of each passing all the 
nine harmonic polars. These triangles are identical with 
the infiexional triangles, and each harmonic polar passes 
through one vertex of each of these triangles. In fact, 
to the pencil of order-cubics through the points of inflexion 
there corresponds, by the principle of duality, a system of 
class-cubics * with these nine harmonic polars as common 
cuspidal tangents, This system of class-cubics, as we shall 


see later, is the system of Cayleyan curves of the oubics of 
the pencil, 


* A class-cnbic is a curve of the third class, but not necessarily of 
the third order, Vide C. A. Scott, Modern Ana, Geo., § 67. 


CHAPTER II 
CanontcaL Forms 


37. REDUCTION OF THE GENERAL EQUATION: 


The general equation of a ternary cubic contains ten 
arbitrary constants, six of which can be made to vanish by a 
proper choice of the triangle of reference. Thus the equation 
of a certain class of cubic curves can be put into the form 


aa’ + by® +cz5 +leyz=0. 
Then, by a linear transformation cf the type 


1 


X=a5y, Y=biy, Z==c*z, 
the equation reduces to the form— 
X°+Y5+4+Z3+kXYZ=0. 


This is called a canonical form of the equation and is due 
to Hesse. 


This transformation is possible only in the case of a 
cubic whose discriminant does not vanish, 7.c., in the case 
of a non-singular cubic. It is. however, proved in works on 
Algebra*® that the equation of such a cubic can be reduced to 
the form 

e3 ty? +25 + Omayz=0 (1) 
where x,y,z are linear functions of the variables and may be 
regarded as the co-ordinates of a point referred to a new 
triangle whose sides, referred to the original triangle, are 

a=, y=0, z==0, 

The number of independent constants involved in this 
equation is 3xX3-+-1=10, and therefore, is the same as that 
of the co-efficients in the general equation. Thus we have an 
a priori indication of the possibility of such a transformation. 


: * E. B. Elliot, Algebra of Quantics, § 29. 
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38. GEOMETRICAL RELATION OF ‘THE CURVE WITH THE 
NEW TRIANGLE OF REFERENCE > 


The equation «°+¥3+2°-+-6mzyz=0 can be written as 
w3 by’ —8m5 25 —3ey(—2mz)= —(1+ 8m 5)=8 ; 
or, (ety—2m:) (wrt w’ y—2m:) (w*u+wy—2Zmz) 
=—(148m')z5, 
where w is an imaginary cube root of unity. 


Now, if 14+8m'°=40, the equation can be put into the 
symbolic form P.Q.R=<*, whgre P, Q, R are linear functions 
of the variables and are evidently the inflexional tangents 
at the three points where z=0 cuts the curve. Hence z= 
meets the curve iu three of its points of inflexion. Similarly, 
since the equation is symmetrical in «w, y and z, the sides 
w=O0 and y=0 also meet the curve each in three points of 
inflexion. 


Thus the sides of the new triangle of reference are the 
three lines on which the nine points of inflexion he. three 
by three. 


Hence, in order to reduce the equation of a non-singular 


cubic to its canonical form, an inflexional triangle is taken 
as the triangle of reference. 


The inflexions on 2=0 are determined by the equations 
e=0 and y*4-5=0 
Len, (y+2) (y#uz) (y+o%z)=0 


Since these co-ordinates are independent of m, it follows 
that all cubics included in the canonical form for different 
values of m meet the three sides of the, triangle of 
reference in the same nine points, which are inflexions on all, 
provided 

1+ 8m5+0. 

When 1+482°=0, m=—} and the cubic reduces 

to three right lines. Again, if m=], it is seen that the 
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three real inflexional tangents are concurrent. Hence 
the equation represents a non-singular cubic, except when 
mal or —}. 


Ex. 1. The polar line of a point P w.r.t. the polar conic of Q is the 
same as the polar line of Q w.r.t. the polar conic of P. 


Ee. 2. Obtain the equation of a non-singular cubic, uot having the 
real inflexional tangents concurrent, in the form 


a*ty%+23=k (a+ ytz)’ 


Ex, 3. Shew that there are twelve points in the plane such that the 
polar line of each is the same w.r.t. all cubics of the system. [These 
points are called the critic centres of the system, [cf. Vol. I, Ch. XIV, 


§ 292). 
39. CO-ORDINATES OF THE NINE INFLEXIONS : 


The equation of the cubic can be written in the three 
following forms :— 


(—2ma+y+2)(—2me-+ wy + w02)( 20+ wy tw") 

=— (148m) 
(w— my +2)(we—Lmy + 0%2)(w2u—Bmy +02) = — (148m )y? 
(rb y—2mz)(we+w?y—2mz)(w2u+ wy — 2mz) = — (1+ 85 )z5 


The co-ordinates of the nine points of inflexion are 
therefore obtained as follow :— 


(0. 1, —1) (—1, 0, 1) (d, ~l, 0) 
wa hua w) 
(0. w°, —1)  (—=1,0.w°) — (w?,—1, 0) 


e 
The nine linear factors on the left-hand sides give the 
inflexional tangents. 


It appears, therefore, that of these nine points of 
inflexion only three are veal, each lying on a side of the 
triangle of reference. 
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40, CONFIGURATION OF THE INFLEXIONS: 


The equation of the curve can also be written in the 
form— 


f= +y? tz! —Bey.4+3(2m+4+1) eyz=0 (1) 
and consequently, in the three following forms :— 
(Hytty toz) rto'yto.)+3(2m+1)2yz=0 \ 
(wabytz)(atytaz)(wr ety taz) t3I(2m+oeyz=0 L 
(wr ty tz) rto ytz)l(wrt wy +z) + 3(2m+w*)ryz=0 J 
or in the abridged forms 
a,4,0, + Arys= 
b b,b, (3) 
Cilat, tvay.=0 
Hence we see that the inflexions lie on the twelve lines 
(i) a, y, z, (tz) Gy, Ug, Gs, 
(irt) 6,,6,,6,, (iv) Cis Cy, Cs. 


The four groups of three lines each form four 
triangles which are called inflewional triangles. We may 
express the grouping of these nine points by the following 
scheme :—— 


b, b, bs 
\ \ \ 
1 2 3 2 
Cy 
5 — 
— 5 6—y (4) 
7 8 9—z 
Cy ! | Í 
a, ta as 


where the nine inflexions are designated by the numbers 
1, 2, 3, 9. 
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The four inflexional triangles are each formed by the 
three lines which pass through 


(1) the three points in each horizontal line, 
(II) the three points in each vertical line, 


(ITI) the three points which give a positive term in (4 
considered as a determinant, 


(IV) the three points which give a negative term in the 
same determinant. 


For instance, on b, lie the three points 1, 5,9; on b, 
lie 2, 6, 7; on b, he 3, 4, 8, and so on. 


Ea. 1. The twelve inflexional lines intersect in the nine inflexions 
and the twelve critic centres of the system of cubics. 


Ea. 2. Find the co-ordinates of these critic centres. 


Ea. 3. Shew that a quartic through the critic centres of a cubic 
has an inflexion at each of the critic centres. 


Ea. 4. Shew that the lines joining an inflexion with the remaining 
eight inflexions form an equianharmonic pencil, 


Ee. 5. The intersection of an inflexional tangent with the correa- 
ponding harmonic polar lies on the Hessian. 


41, TRANSFORMATION OF CANONICAL FORMS: 
fr ty? +25 +6mryz2=0 


is the equation of the cubic. referred to the triangle whose 
sides are 
£=0, y=0, 2=0. 


To obtain its equation with reference to another intlexional 
triangle, wé put 


XSutytz YSue+wy+u'z 
Z=a+w*y+wz 
Let pwn ty? +25, and, Says. 
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Then, $ =X8+YV°+Z5=3(13 +y? +z") + 18ay: = 3 + 18y. 
Y'EXYZ=(a tyt +25) 43(o+ 0) yz=p—3y. 
whence 9p=(9¢'+6y’) and 27~= ¢’—3y’). 
But the equation of the curve is— 
$+6my=0, or, 9ġ+5dmy=0 


which gives $ + 6’ + 2nd’ —3y') =0 


or, (1+ 2m)¢'+6(1—m)y’=0 
LCs, (142m) (X°+Y*°+Z*)+6(1—m)XYZ=0. 


Ex. The four inflexional lines throngh an inflexion are equian- 


harmonic. 


42. EQUATIONS OF THE HARMONIC POLARS 


The polar conic of the inflexion (0,1, —1) on the side 
x=0 is 
(y? +2mgz)—(z° +2mzy) =0 


i.e., (y—z) (y +z—2mr)=0. 


Therefore, y—z=0 is the harmonic polar and y + z—2ms=0 
is the corresponding inflexional tangent. Similarly, the 
harmonic polars of the other two points of inflexion on the 
side 

æ=0 are y—wz=0 and y—w?z=0. 


Thus the nine harmonic polars are— 


y—2==0 z—2x=0 a—y==0 
y—wez=0 z—we=0 r—wy=0 
y—w*z=0 z—w*2=0 t—w?y=0 


whence it follows at once that the harmonic polars of 
three collinear points of inflexion meet in a point. 
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43. Hesse’s Turornem* 


All cubics described through the nine points of infiexion 
ona non-singular cubic will have these points for points of 
inflexion. 


The equation t of the Hessian of the cubic 
Fer py’ 429 +6msy:=0 (1) 
is at once found to be 
Ham? (ety +2* )—(1+2m )ayzs= (2) 


Since the points of inflexion on a curve are its intersec- 
tions with the Hessian, the equation of a curve passing 
through the points of inflexion is of the form— 


F+AH=0 


where A is a parameter, 7.., the equation of the system of 
cubics passing through the points of inflexion is— 


F+4AH =(1+Am?) (08 ty? +29) + (6m—A—2Am jeyz= 
which is of the form 
chy’ +25 +6heyz= 


where fee SA 2m? 
1+Am? 

Therefore, the pencil of cubics, to which also belongs the 
Hessian, has the same inflexions. The system of cubics (1) 
for different values of m is called a family of syzygetic cubics. 


* Hesse, Chelle, Bd. 28 (1844), pp. 89-107. 


+ The form of this equation shows that it belongs tothe same system 
of cubics as are given by (1), where m is considered as a parameter. 
Since the equation of the Hessian involves m in the third degree, 
there are three different curves of the system (1) for which H=0 is 
the Hessian. 
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Ez. 1. A cubic through eight inflexions of a cubic passes also 
through the ninth. 


Ex. 2. The intersection of an intlexional line with the correspond- 
ing harmonic polar forms an involution with those inflexions. 


Ha. 3. The four lines joining an inflexion with the remaining 
eight inflexions form an equianharmonic pencil. 


h 


44. ANOTHER CANONICAL FORM: 


It has been proved that a non-singular cubic has three 
collinear real Inflexions and three real inflexional tangents. 
Choosing the inflexional tangents as the sides of the 
triangle of reference and the line #+y+z=0 as the 
inflexional line, the equation of a cubic can be put into the 
form 


(x+y tz)’ +6kryz=—0 ws (1) 


lt is to be noticed that this can be effected by a real 
choice of co-ordinates and that the inflexional tangents are 
not concurrent. 


Es. 1. Shew that the equation of an acnodal cubic takes the form 


(w +y +z)? =21vyz. 


E». 2. Shew that the equation of an acnodal cubic can be reduced 
to the form 


1 1 1 
er +yS+z5=0, 
Ee, 3. Find the cubic whose intlexional triangle is self-conju- 
gate w.r.t. to the polar conic of the point (1,1,1). 
45. A THIRD CANONICAL FORM OF A NON-SINGULAR CUBIC: 


Another important canonical form of a non-singular 
cubic, using the notation of the theory of elliptic functions, 
is obtained in the form 


y*z=4n5—g 2z? —g,z? 


where 9,, 9s, are any constants. 
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Since a non-singular cubic has always a real point of 
inflexion, we take the inflexion at B with the inflexional 
tangent as the side z=0 of the triangle of reference, and 
the harmonic polar as the side y=0, while the polar line of 
the intersection of the inflexional tangent and the harmonic 
polar as the side »=0. Thus the equation of a non-singular 
cubic is obtained in the form 

as? + by?z-+c12* +de! =0. 
Now, making the substitution— 
(—4b/a) "u fors and ; Sia ¢ =9, 
we obtain y*z=4a5 —g æ? —g,2° 

The harmonic polar y=0 meets the cubic in points 

given by 
4a’ — g ez? —g23 =0 
which are all real or one real, according as the discriminant 
3 3. . eae 
g,—279 is negative or positive. 
lf the cubic has a double point, we must have 
g š —279° =0 


and the co-ordinates of the double point are 
L 
& y za—g>? 0 2, 
3 


lt is easy to see that the double point is a node, cusp 


or a conjugate point, according as g, is negative, zero or 
positive. 


46. THE CANONICAL FORM OF A NODAL CUBIC: 


Since æ nodal cubic has only three collinear points of 
inflexion, choosing the nodal tangents and the inflexional 
line as the sides of the triangle of reference, the equation of 
a crunodal eubic can be put into the form 


23 +y’ +6mry:=0 (1) 
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For, the equation of a cubic having a node at C with 
w=0, y=0 as nodal tangents can be written as — 
u, hays sax +3b0%y +3cey? +dy + keyz=0 (2) 


Since z=0 is to pass through the inflexions, it must meet 
the cubic (2) and its Hessian 


kuy: —3 (aa? + bx?y—cay* +dy>)=0 (3) 


in the same points, 7.e., the equations obtained by putting 
z=20 in (2) and (3), namely 


ag? 4-3b22 y+ 3ery? +dy> =0 
and ax’ —ba*y—cxy* +dy3 = 


must be the same, which requires that either c=d=0, or 
b=c=0. 
Excluding the case a=d=0, when the cubic reduces 
to three right lines, we have b=c=0, and the cubic becomes 
aw? +dy® + key: =0 
Now put 


2 1 
X=a*z, Y=o=d*y and Lae, 


and the equation takes the form— 


11 


X53 + V8 +6mXYA=—0. where 6a*d°*m=k. 


47. OTHER FORMS OF A NODAL CUBIC 


The equation of a cuhie having a node at C can be 
written as 
Use bu, =(y tine) (y+m' x); 


+ (az? + 3b2*y+3cry* +dy>)=0 


where y+mx and y+m’z are the nodal tangents. Next 
suppose that the vertex B is a point. of inflexion, with 
z=0 as the inflexional tangent. Then the co-efficient. of 
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y* vanishes, and those of y* and y should have the common 
factor z. This requires that d=0, and c=b=0, 


Thus, the equation reduces to the form— 
(y+me)(y+m's)z+ax*=0 


[f now the nodal tangents are taken as the harmonic 
conjugates of «=Oand y=0, m=—m’, and the equation 
becomes 


(y+me)(y—me)z+ax5 =O 
which may be written in the form— 
(y? — ke? ):— a3 =U. 


The equation will represent a cubic, having a node, 
a cusp, or a conjugate point at C, according as k = 0.* 


Ee. 1. Shew that by a proper choice of homogeneous co-ordinates 
the equation of a nodal cubic can be reduced to the form 


alw? —y?)=y(30? + y*). 


Ez. 2. Show how you can transform the equation of a nodal cubic 
into the form 


w? +y’ =Buyr, 


Ex. 3. Shew that a nodal cubic and its Hessian are in plane 
perspective, the node being the veitex and the 


inflexional line as 
the axis of perspective 


Es. 4. Achord of «@?+y%=8axy subtends a right angle at the 
node. Shew that the chord meets the cubic again at a fixed point. 


Re, 5. Shew that the tangents at two inflexions of n nodal cubic 
meet on the harmonic polar of the third inflexion. 





* See H. Durége— Ueber fortgesetztes Tantentenziehen an Kurven 
3 Ordnung mit einem Doppel or Ritickkehrpunkte.”’—Math. 


Ann. 
Bd. 1, (1869), pp. 509-532. 
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48. TAE CANONICAL FORM OF A CUSPIDAL CUBIC : 


In the case of a cuspidal cubic, there is only one point 
of inflexion. Let the vertex A be the inflexion with y=0 
as the inflexional tangent. Then the equation of the 
cubic can be written as— 


an*y+wyv, Fug =0 (1) 


If the vertex B is a cusp, the equation should not 
contain y® and y?; and if r=0 is the cuspidal tangent, the 
co-efficient of y should be x°, and the equation reduces to the 
form 

ae? y+ bz* =0. 


Now, put X=v, Y=ay and Z=—bz and the equation 
becomes 


XY =$ ove (2) 


Thus we see that every cuspidal cubic can be reduced 
to the form w*y=z5, the cuspidal tangent and the in- 
flexional tangent being taken as two sides and the line 
joining the cusp to the point of inflexion as the third side of 
the triangle of reference. 


It is to be noticed that the Hessian of the euspidal cubic 
z*ymz? 


is composed of three right lines, of which two coincide 
with the cuspidal tangent. 


Ev. 1. Show that a cuspidal cubic can be projected into a semi- 
cubical parabola. 


Ex, 2. A conic osculates a cubic at two points. Shew that the 
chord of contact passes through the inflexion. 


Ee.3. The tangents from any point P toa caspidal cubic meet the 
curve again in three points. Shew that the tangents at these points 
are concurrent. 


Ee, 4. Ifthe point P describes a line, the point of concurrence 
moves along a line. 
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49, COLLINKAR POINTS ON A CUBIC : 
The points where the line 
Axt py + vz=0 


intersects the ‘cubic 
s3 +y? +25 +6mayz =0 


are determined by eliminating z between their equations, t.e., 
by the equation 


v3 (a3 +y?) + (—Az—py)® + 6mzy(—Axr—pyWw* =0; 
t.e., (v3 A> —3 (A p+ Ymdv*) 2 —3 (Ap? +2mpv?)” 
? y’ 7 
+(v3—p*)=0. (1) 


If Cris Yas Zi) Cag, Yasa) and (ry, Ya, Z3) 


be the co-ordinates oť the three points of intersection, 
we must have 


Latas i YYY EB? vA (2) 


Similarly, by eliminating « between the same equations 
we obtain 
Zis YY Ys EAS — p? vA (3) 
whence 


ByUVels YYaYs 24% —2, 5M? —v® v FAꝰ: Aꝰ — 
CBZ FY Ys Ys #212 —%3 =O (4) 
is a necessary condition that the three points 
(%isYar2%i)> (bq, Ygr%s) and (25, 45,25) 
on a cubic should lie on a right line. 
Again, since the three points are collinear, we may take 
s =A, ees, Yo=AY, FAYa Z =z, tHe, 


* These theorems on the intersections of a cubic and a line are taken 
from Cayley—“ A memoir on curves of the third order ”—Phil. Trans. 
of the R. Soc. of London, Vol. CXLVII (1857). Coll. Papers, Vol. IT 
No. 346, §§ 29-31. 
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and substituting these values in the equation of the cubic, 
we obtain 

B(Aw, erty) > +6m(Ax, Hue) (Ay, + ey, (Az, tuz) =0 
Or, SAUDE, (AV, HUBy) HdmAWS (Ar, + yc, ) (Yi Za Yaz) =0 
whence Bt yt, MIZ, (Yi Za +yz, )=0 
and consequently, by the preceding condition, we obtain 
Be (YrtaFYs2r)bYs(21ea Hari) tzat Ya +eay)=0 (5) 


Thus the necessary conditions for collinearity of three points 
on a cubic are given by (4) and (5). 


These conditions can also be shown to be sufficient: 
7.e., the three points satisfying the conditions (4) and (5) are 
collinear. 


For, if not, let the line joining the two points 
(21, Yrs 21) (7559s Za) 
meet the cubic in the point (21 Ya Za) 
Then, Ze, 2,2, =0 and Zer, =0 


which shows that (#5,y,,7,) and {z,’,y,',z,’) are points 
on the line 
Lita tHY YY HZ Zaz =0 (6) 


Similarly, from (5) the two points are found to lie on 
the line 


(Yis Yazi JÆ t (zits $292, YA Cys Hry, )z=0 (7) 
whence the two points (25:43:23) and (æ, Y,a’) 


coincide at the intersection of (6) and (7), which proves the 
proposition. p 

Thus the necessary and sufficient conditions that the 
three points on the cubic are collinear are— 


Lilas FY1YYs Z12335 =0 


(VL, FYs21)8s + (2:23 ꝓæ, )Yys 4+ (21H, + 25y,)25 =0 
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50. THE CO-ORDINATES OF THE TANGENTIAL POINT: 
Let any two, namely A and B, of the three points 
A(#1,Y1s%1)s Bly, Yarza), OClts,¥s,%5) coincide. 


Then we have 
æ, wo by, Ys Hz,’ Z =0 ve (2) 


Now, if the equation of the tangent to the cubic at A is 
Ast py +vz=0 

then w,7%, Yi? Ys 2, 7%, pi—vs vi—ArAS AS —yS; 
Also A: wi v=sav,*?+2my,2, y, +2mzæ, z, +2ma2z,y, 
Thus we have— 

p? =v? =k(y $ —2,?) (y, °? +z? HOME Y Z —8m x, ?) 

=—k(1+8m*) (y, ° —z,°)v, ? 

since (2,,%,,2,) is a point on the cubic. 


Hence finally, 


CBs Yi Ya Za’ Zy Epir? vN Aꝰ mp 
=w, (y? —21°) y?l 3 — w?) 2 2, 8(#, > —y,5) 
Ca Yg i Sgr, (Y —3,?) y, (2,2 —gw,?): e, (a, '—y,5) 
i.e., the co-ordinates of the tangential are proportional to 
ely,’ —z,?) ylz% —2z,?) 2, (8% -y,°). 
If all the three points A, B,C coincide, we have 
©, Hy? +2,°=0 
and consequently %,y,2,=0. 
Therefora at a point of inflexion, we must have 
æ Sy, 3 +2,5=0, Y7, =0, 
Tt is to be noticed that 
ZtYs tz? _ tty t Ha’ 


BsYs?s CY? 
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51. PENCIL OFSTANGENTS : 


THeorem: The four tangents which can be drawn from any 
point of a cubic form a pencil of constant cross-ratio.* 


This theorem is due to Salmon and the following 
geometrical proof is given by him. 


The polar conic of a point O on the cubic passes through 
the points of contact A, B, C, D of the tangents drawn from 
O, and it touches the cubic at the point O, t.e., the polar conic 
of O passes through a consecutive point O’, and the points 
of contact A, B, C, D. 


Again, the four tangents from O’ are indefinitely near 
to OA, OB, OC, OD, and intersect them at their points of 
contact A, B,C, D. But, the six points O, O’, A, B, C, D lie 
on a conic, and therefore O(ABCD)=O'(ABCD). Thus we 
see that this ratio remains the same as we pass from any 
point of the curve to the consecutive one. Hence it is 
constant for all points of the cubic. 


52. ANALYTICAL PROOF fT: 


Let the tangents at any two points A and B on the cubic 
intersect at C. Taking ABC for the triangle of reference, 
the equation of the curve can be put into the form: 


z3 +z? (axt by) + ay(le+ my +nz)=0 
The line y=Az meets the cubic, where 
w*(1+4bA) + (mA? + nrA+4)z22+1A 7? =0 


Hence, it is a tangent, t.e., meets the curve in two consecu- 
tive points, if 
(mA? + nd+a)* =41X(1 + BA) 


* Salmon, Crelle, Bd. 42 (1351), p. 274. 


+ This proof is taken from Prof. Hilton’s Plane Algebraic Curves, 
Chap. XIV, §4. An elementary proof was given by W. P. Milne, 
Quarterly Journal of Math., Vol. 42 (1911), p. 251 anda projective proof, 
considering the cubic as the projection of the curve of intersection of 
two conicoids, was given by Prof. A.O. Dixon, Messenger of Math,, 
Vol. 26 (2) (1896-97), p. 53. 
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whence the equation of the tangents from A is— 
(my? + nyz + az? )* =Alyz* (z+ by) (1) 
Now, the cross-ratio of this pencil is given by 
13(¢4+1)*(o—2)*(o—})* =273*(o* —o7+1)5* 
where I and J are the two invariants of the quartic (1) and 
can be calculated in terms of the co-efficients in (1). 


Since the expressions for I and J are found to be symme- 
trical in a, b, and /,m, it follows that the tangents from B 
have the same cross-ratio, which establishes the theorem. 


From known properties of cross-ratio of a pencil, it is 
easily established that the sixteen points of intersection of 
two pencils of four tangents, which can be drawn from two 
points of a cubic lie, four by four, on four conics, which 
pass through the vertices of the pencils.f This is known 
as Hart’s Theorem. 


For areal curve, the cross-ratio is real, if the four 
tangents are all real, or all imaginary (conjugate in pairs). 
It will be a complex quantity of modulus 1, or the real 


quantity —1, if of the four tangents two are real and two 
conjugate imaginary. 


53. CROSS-RATIO IN TERMS OF THE PARAMETER: 


From what has been said above it is evident that euch 
cubic is characterised by a definite value of this cross-ratio, 
which is an absolute invariant for any projective transforma- 
tion, and this is the single absolute invariant of the curve. 


If the cubic be given in the canonical form 
x? +y? +25 + Omryz=0 


the cross-ratio must be a definite function of the parameter m. 


* Bnrnaide and Panton, Theory of Equations, Vol. I, Ex. 16, p. 148-50 
t Saimon, Crelle, Bd. 42 (1851), p. 275. 


tJ. Thome, Über orthogonale Invarianten der Kurven dritter 
Ordnung (Leipziger, Ber. 51, 1899). 
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Now, the equation of the four tangents drawn from any 
point of the cubic 


fas +y? +25 + 6mxryz=0 


can be easily obtained. Thus the equation of the four 
tangents drawn from the point (0, 1,—1) is given by * 


P=(Af)?—4f.A'f'=0, 


where Af= F — a ) (23 +y’ +25 +6mayz) 
=3(y—z)(y +:—2mx) 
and A F'=3(y+z—2mv). 


P= {3(y—z)(y+:—mz)}? —4.3(y+2—2me) xj 
=3(y+2—2mx){3(y—z)* (y +z—2mx) 
-A62ꝰ ty’ tz’ +6may:)} =0. 
To determine the cross-ratio of this pencil, consider 


the section by the line : =0. 


Then (2me—y) (405 +y? +6mniy? )=0 


i.e. Bmæt — 4x5 y + 12mg? y? —4mry? —yt=0 (3) 
whence 1=8m(—1)—4(—1)(—12)+3(2m?)? 
=12m(m! —1) 


and J =8m. 2m?. (—1)+2(—1)(2m? )(—m) 
—8m( ~m)’ —(—1)(—1)* — (2m?) 
= — 8m’ —20m +1 


Thus the equation giving the cross-ratio becomes 


l6mi(m§—1)§ _ (a? —o +1) (4) 
(m° +20ms —1)*  (o +1)*(o—2)3 (20 —1)? 


This gives twelve values of m for a given value of e, and 
consequently in the system of cubics, there are twelve curves 
which have a given cross-ratio o. 


* Theory of Plane Ourves, Vol. I, § 67. 
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54. HARMONIC AND EQUIANHARMONIU CURICS : * 


If o is a root of c?—o+1=0, t.e., when o is equal to —w 
or —w*, where w and w? are the imaginary cube roots of 
unity, the ratios hecome equal, three by three, and are said 
to be eguianharmonic. They give fonr values of m and 
the four curves corresponding to these values are said to be 
equianharmonic. 


Ifø is a root of any one of the equations o+1=0, 
o—2=0, 20o—1=0, there are only six different values 
of m, and the curves coincide two at a time; ie, if co=—I, 
or l/o=—1, then the remaining four values become res- 
pectively equal to 2 and 3, two by two. This ratio is said 
to be harmonic aud the curves corresponding to the six 
values of m are said to be harmonie. 


Thus, corresponding to each value of a, there are twelve 
different cubics, and of these siw are harmonic and four 
equianharnonic. 


For all equianharmonic curves, ¢?—o+1=0, and conse- 
quently 1=0, and this gives two real values of m. 


For all harmonic curves J=0, and there are only two 
Q a 
real values of m. 


If c=1, 0 or oo, then the six ratios coincide in pairs and 
they are respectively equal to 1,0, œo. Ifthe curve has a 
double point, two of the four tangents must coincide and 
the discriminant of the equation (3) must vanish This 
requires that I[§—27J?=0. The expression for this in 
terms of m is (148m )*=0. 

Hence the condition for a double point is 1+8m'=0. 


We obtain the degenerate cubic consisting of the sides 
of the fundamental triangle, when n=:0o. 
° e 


lt can be easily seen that a harmonic cubic is the 
Hessian of its Hessian, and the Hessian of an equian- 
harmonic cubic degenerates. 


* Aronhold, Crell, Bd. 39 (1850), p. 158. 
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Ex. 1. Find the cross-ratio of the pencil of tangents drawn from 
any point on the cubic 
(@ +y +2)? =kaye, 


‘Ex. 2. If all the polar conics for a cubic have a common self- 
conjugate triangle, the cubic is equianharmonic. 


Ke. 3. The polar conics of a point P of the plane w.r.t. a pencil of 
cubics form a pencil, whose base-poiuts are the points of contact of 
the four tangents drawn from P to the curve passing through P 


(Cayley). 


Ea, 4. Establish Salmon’s theorem on the cross-ratio of the pencil 
of tangents of a cubic, by using the form 


y*z=4u*§ — g, 0z? —g52, 
{ Here T=169,, J =64g,.] 


Ex. 5. Show that for a harmonic cubic g,=0, and for an equian- 
harmonic cubic g, =0. 


55, CONJUGATE POLES 


THEOREM: If the polar conic of a point A with respect 
to a cubic breaks up into two right lines intersecting at B, the 
polar conic of B breaks up into two right lines intersecting at A. 


The two points A and B are called Conjugate Poles.* 


If (x, ¥1:,2,) and (£3, 45, 25) be the co-ordinates of A 
and B respectively, the polar conic of A w.r.t. the cubic 


fsa tys +25 +6meyz=0 is :— 
pa, (a? +2myz)+y,(y? +mze) 
+2, (29 +2mey)=0. 
If this has a double point at B (7,,7,,2,), we must have 
34/92, =0, 84/0y,=0,¢ 
84/57, =0. 


* Cayley, ‘A Memoir on Curves of the Third Order,”’—Coll, Papers, 
Vol. IT, p. 382. 
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These conditions reduce to the three equations : 
byt, HCY Za +Yy,2,)=0 
YY tmz, 2a +250, )=0 (1) 
242%, FNL Ya +2,y,)=0 


Since these equations are symmetrical in the co-ordinates 
of the two points, it follows that she polar conic of B also 
breaks up into two right lines intersecting at A. 


By eliminating (2,,9,,2%,) Or (23, Ys, Z4) between the 
equations (1), we obtain the same determinant 


1 mz, my, | =0 
Me, Y mr, 
my, mr, 21 


OA m? (æ, > +y, S+: 8)—(1+2m!)c, y2, =0. 


This shows that the locus of both the points is the 
Hessian, and it follows ín consequence that the Steinerian 
of a cubic coincides with its Hessian. 


56. NET OF POLAR CONICS: 


The equation of the polar conic of a point (2’, y’, 2’) is 


a OF 4 1 OF +i 
5 a +y dy +z =0 (1) 


Thus the system of polar conics of a cubic curve repre- 


senting the doubly infinite system of first polars forms a net, 
if (x', y', 2’) are regarded as parameters,* 


* In general, a net of curves of order m may be considered as a 
system of firat polars of a curve of order (m+1). Any three curves 
of the net generally contain 3m(m+3) constants. The first polars of 
three different points involve 3(m+1)(m+4) constants of the original 
curve and the six co-ordinates of the three points, and therefore, in all 
I(m +1)(m+4) +6 constants. These two numbers will be equal, if 
m=. Hence, a net of conics can always be considered as the system 
of first polars of a curve of the third order. 
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It should be remembered that so long as we deal with 
a pencil of conics, each point A corresponds to the conju- 
gate point B, through which pass the polars of A with 
respect to the same pencil. But in the case of a net, 
this is not, in general, the case. There is a series of points 
A whose polars with respect to three, and therefore all, 
conics of the net pass through one and the same point B, 
The locus of A is called the “Jacobian” of the net of 
conics. The points B also lie on the same curve. 


The polar lines of A (#,, y,,2,) w.r.t. the three conics 
f-=0, f,=0, f,=0 


will be concurrent at B (s, Y3, <=.) 


if LLa HNZ Ya +275y,) =0 
Y Ya tmz, Za zaz) =0 (1) 
ZiZa +m(0,y, +%,y,)=0 
which shows that A and B are points on the Hessian. But 
they are conjugate points with respect to each of the conics 


f,=0, f,=0, f. =0; and consequently with respect to all 
conics of the system 


wf. tyf +27. =0.* 


Hence the Hessian of a cubic ts the Jacobian of the net of 


polar comics 


of, +y'fy +f: =0. 


The line AB is cut in involution by the system of polar 
conics, A and B being the foci of involution. 


If Uf, tmf, +nf,=0 l 
breaks up into two right lines, they intersect at A or B 


and touch the Cayleyan. 


* Salmon, Conics, § 388. 
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57. TFXOEREM. 
The polar line with respect to the cubic of a point A on the 
Hessian touches this latter curve at the conjugate pole B. 
The polar line of a point A (#,, ¥,,2,) wrt. the cubic 
J= x3 +y’ +25 +6msyz=—0 
is ele? +2my, z) tyly? +2mz,2,) 
$2(2,9+2mr,y,)=0 (1) 
From the first and third of the equations in the preced- 


ing article we obtain— 














Wt 1 Zi ` 
: = n = orr Ln, =k (say) 
My — MPY MIYE — atg ME =M Yyy 
Then, wy? t2my z Ek? imam egy)’ 


+2 mey, —zata) (Mmi —m*yyz,)) 
=)? (Batty, bs, (3 —2m y3 —2r;) | 
But (eg, Yas cy) being a point on the Hessian. 
m* (ry +y: +23 )—( 142m") 2520: 
mez = (LAm? ar gygcg— min +y,") 
wy? Hmyz =k? LBmteryeF—3m* ss” 
+ (L+2m*) (0, y gry? — 1? y.22,) | 
=k {my —:,0,)  Bmtet—(1+ 20 )yyz, |. 
Similarly, 
yit bara Hl (tye — iata) [Bint y. —(14+2m*)z, «| 
and 
22+ 2mayy, SE (mY atg) [Bm m] 42m )e,y, | 
The equation (1) of the polar line becomes 
a [Bm e8 — (1+ 2m? )y z] Hymy —(1+2m5 zr, | 
+2[3m*%z 2 —(1+2m) rey, 1=0 
which is the equation of the tangent tothe Hessian at the 
point B (2,, Yor Za) 
8 
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A simple geometrical proof may also be given by 
considering the Hessian as the envelope of lines two of 
whose poles, with respect to the cubic, coincide, when the 
tangent at any point on the Hessian becomes the polar 
line of the conjugate point. (See Art. 27.) 


58. THEOREM: 


The tangents lo the Hessian at two conjugate poles A, B 
intersect on the Hessian at a point C, which is conjugate to the 
third point in which AB intersects the Hessian again.* 


Let P, Q, R, S be the four points of intersection of the 
degenerate polar conics of-A and B. 





The lines PR and QS then may be taken to constitute 
the polar conic of some point C’ on AB, which again must be 
a point on the Hessian. If they intersect at C, then Cis a 
point on the Hessian conjugate to C’. 


* Cremona, Introduzioni ad una teoria, elc., § 133. 


CANONICAL FORMS 59 


Again, the polar line of A with respect to the cubic is 
also the polar line with respect to the polar conic of A, i.e., 
wrt, the conic consisting of PS, QR. But the triangle 
ABC is self-polar for all conics through P, Q, R, S. Hence 
BC is the polar line of A which is consequently the tangent 
to the Hessian at B. Similarly, AC is the tangent at A. 
Hence the tangent at A and B intersect at C on the Hessian, 
which is the point conjugate to C“ 

Thus, two conjugate points have the same tangential on the 
Hessian. 


Since the polar conic of C passes through A and B, it 
consists of the line AB and another line passing through 
C’, the third point where AB meets the Hessian. Thus 
we obtain the following theorem :— 


A line which joins two conjugale poles on the Hessian 
forms a part of the polar conic of the point conjugate to the 
third. point, where the line intersects the Hessian. 


From what has been said, it is seen that the conjugate 
point B is the point of contact of a tangent drawn from the 
tangential C of A. But three other tangents, different 
from the tangent at A, can be drawn from C to the curve, 
and the points of contact B, B’, B” are conjugate to A with 
respect to three different cubics, for which the given cubic 
H=0 may be taken as the Hessian. Hence the points of a 
cubic can be arranged into conjugate pairs in three different 


ways. 


59. SCHRÖTER S METHOD OF CONSTRUCTION OF THE CUBIC, 


Jf we start with any pair of conjugate points P and 
P’, with a common tangential point T, and join P, P’ to any 
point Q on the curve, then PQ and P’Q intersect the cubic 
again in the points Rand R’ respectively, The lines P’R 
and PR’ intersect the curve at the same point Q', conjugate 
to Q. For, let P, and P,’ be two other points on the curve 
consecutive to P and P’ respectively. 
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Then PPRP, PR’ is a hexagon inscribed in the cubic 
Two pairs of opposite sides (P,P, P,’P’) and (PR, P’R’) 
intersect respectively in the points T and Q on the curve. 
The third pair P,’R and P,R’ (which ultimately coincide 
with P’R and PR’ respectively) intersect at the point Q’ 
on the curve ;§15). 

Again, RQR’Q’ is a quadrilateral ivscriked in the cubic. 
whose opposite sides intersect ut the points P and P’ on the 
curve. Therefore the opposite vertices Q, Q' and R,R’ have 
the same tangential points, or in other words, Q and Q’ are 
conjugate poles, as also are Rand R’ Hence we obtain the 
theorem :— 

On each cubic there are three different systems of conjugate 
points such that any two pairs joined cross-wise yive another 
pair of conjugate points. 

Thus a sufficient number of points of a cubic can easily 
be determined, when three pairs of conjugate points are 
given. This method, in fact, is used by Schriter* for 
generating u cubic curve 

Schröter t has studied the properties of cubic curves 
with reference to conjugate points and gives the following 
general theorem for finding conjugate points on cubic curves, 


The four common tangents to cach pair of three conics not 
belonging to a pencil form a complete quadrilateral. The 
eighteen vertices of the three quadrilaterals thus formed We on 
a curve of order three and form nine pairs of conjugate points, 


Kx, 1. If three polar conics of a cubic are rectangular hyperbolas, 
prove that every polar conic is a rectangular hyperbola. 


Ea. 2. In Fa. 1 shew that the Hestian isa cubic through the 
circular points ət infinity whose singular focus lies on the Hessiaa. 

Re, 3. Shew that the co-ordinates of two conjugate pojnts A and B 
on the curve alw? + y?)=3y(y? — 32") may be taken as 


(cosa, sina, ~3sin 3a) and (—cosa, sit a, —3cos 3a) 


— —— — 


* Schröter, Math, Annu, Bd. 5 (1872), p. 30. 





— — — — oe — — — — — — 





t Schröter, Die Theorie der obenen Kurven 3 Ordnung (1888), p. 35. 
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60. THE CAYLEYAN 


Derintrion: The envelope of the line joining two conju- 
gate poles on the Hessian was called by Prof. Cayley the 
Pipplan; but it is called by Cremona the Caylegan.* 

From § 56 it follows that the Cayleyan is the envelope 
of lines which are cut in involution by the system of polar 
conics, and it is the envelope of the lines which constitute 
the polar conics of points on the Hessian.t 


The equation of the polar conic of a point («/,y',-") with 
respect to a cubic J7=0 may be written as 


wa? Hby? Bel? Hy: H g'a + 2h vy =0 i] 


where a,b, e, ...... are the second differential co-efficients 
of f, in which a,y,*, have been replaced by 2’, y’, 2’ 
respectively. 

If it breaks np into two lines, the equation must he 
identical with 


Oa tpy+r:)( = + by +5 )=0 (2) 
p 


` 


Comparing the co-efficients of y , ze and «yin (1) and (2) 
we obtain— 


2f br cp Dy! = cA —— 
p r v À 
w= HE4 ue (3) 
H 


Eliminating (æ. y',:') between equations (3), the tan- 
gential equation of the Cayleyan can be easily obtained. 


* Cayley, Jonrnal de Math., Vol, 9(1) (1844), p. 290. 


t In the caso of curves of higher degrees the envelope of lines join 
ing corresponding points is distinct from the envelope of lines into 
which the polar conics break up. 
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Using the canonical form, we have—- 
a=6e', b’=6y’ c'=62', f’=6me', y'=6my', h'=6me2' 
and the equations (3) become— 
wp? yA? —Qmdp2! = l 
ev? — 2mvày' +A? =0 > 
—2myv +v’ y' + p22’ =0 


Eliminating («’, y’,2’) between these equations, we obtain 
the equation of the Cayleyan in the form: 


pt Aa —2màp | =0 
v? —2mdAv rv? 
— y? p’ | 
or Cm m(AS +p? +05 ) + (1-4? )Apy=0 (4) 


omitting the factor Auv, since it cannot form the part of the 
envelope, the Cayleyan being of the third class. 


ôl. Turoren 

The nine harmonier polars of u cubic are cuspidal tangents to 
the Cayleyan. 

Since the inflexional tangent and the corresponding 
harmonic polar constitute the degenerate polar conic of a 
point of inflexion, the inflexional tangents and the harmonic 
polars touch the Cayleyan. 


The equation of the Cayleyan may be written as 
CEA’ +p5 +r 4+6hApv=0, where 6k =(l1—4m?)/m 
which again can be written in the form 
(A+ p—2kv)! otw 4. — hv) (w?A + wp —2kyv) 
= —(148k5)v3. 


showing that the three factors on the left give the cusps 
on the curve. 
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For, let P be the point A+y—2Ziv=0. r*=0 represents 
the third vertex C counted thrice. Therefore the lines 
joining P to three coincident points at C are tangents 
to the Cayleyan, é.., three contiguous tangents pass 
through P. Hence P is a cusp on the Cayleyan and PC is 
the cuspidal tangent. Similarly, the other two factors 
give two other cusps Q and R, QC, RC being the cuspidal 
tangents. 


The line joining 


A+p—2hv=0 and v=0 gives A+y=0, te, pom—A 


and the point-equation of PC is «—y=0. Similarly, the 
point-equations of QC and RC are respectively r—wy=0, 
c—w?y=0; but these are the equations of the harmonic 
polars of the points of inflexion of the cubic on the line z=0. 
Similarly, it can be shown that all the harmonic polars are 
cuspidal tangents to the Cayleyan. 


Combining this with the theorem of the preceding article, 
since these equations are independent of m. we may deduce 
the following theorem :— 


The nine inflexional tangents of a curve of the third order 
in a sygygetic system determine a curve of the third class, having 
the same cuspidal tangents. 


Ex. 1, The Cayleyan of a non-singular cubic is a sextic curve with 
nine cusps, 


Ew. 2. The poles of a» line «ft. a cubic are the vertices of a 
quadrangle whose sides touch the Cayleyan and the diagonal points 
lie on the Hessian. 

e 
Ez. 3. Find the equation of the Cayleyan of the curves. 


(i) 2t2=y(y—@)(y—k*z) 
(ii) a(a?+y?) =a" (iii) 23° +4" =Baey 


Ex, 4, What is the Cayleyan of a cuspidal oubie ? 
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62. ORDER OF THE CAYLEYAN: 


We have seen (§ 27) that the poles of a tangent 
to the Hessiar. at any point M are the points of contact 
with the Cayleyan of the lines which constitute the polar 
conic of M and the point R counted twice, where R is the 
point conjugate to the tangential L of M. Thus, the 
locus of the poles of the tangents to the Hessian includes 
the Cayleyan and the H essian counted twice. 

The polar line of a — (w, y’, 2’) being 
y X = = 
Y By +: 5; =0 
the condition that * shonld touch a Hessian involves the 
co-efficients in the sixth degree. and therefore the variables in 
the twelfth degree. Hence the locus of the poles is of 
twelfth degree, but contains the Hessian counted twice. 
Hence the Cayleyan is of degree six. 


The equation of the Cayleyan is obtained in the form— 
x° fy? A21 AIRS (rys yS) 
— 24k? ay: (13 Hy? +25 )—24k(1 + 2h )r yt: =0 
where 6h = (1—4m )Jm 


Ew. 1. Shew that the Cayleyan of a cubic is of class three. 
Eo, 2. A line is divided in involntion by three given conica, Shew 


that the envelope of the line is of third class. 
Ea, 3. The polar line of A w.rt. the polar conic of the conjugate 
pole B for any sryzy getic cubic touches the Cayleyan, 


63. If A,p,v be eliminated between the equations (3) 
§ 60, we obtain the equation of the Hessian. The form of 
this equation is the same as that of the given cubic, and 
therefore the Uayleyan C stands to the vertices of the 
fundamental triangle in the same relation as the original 
curve stands to the sides. The tangents to this curve 
drawn from the vertices correspond to the inflexional 
tangents on the original curve. If m is regarded as a para- 
meter, the equation (4) represents the system of Cayleyan 
curves of the system of cubics defined by the canonical form. 
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64. Tur Porge CONIC OF A GIVEN LINE * 


Derinition: The locus of points whose polar conics 
with regard to a given cubic touch a given line is a conic 
and is called the Pole Conic of the line. 


The polar conic of a point (2', y’, 2’) with regard toa 
cubic may be written as— 


a ty y? tez? +2fyz429's+ 2h’ ry=0 


where «', b', c', etc , have the significance of § 60. 


The condition that this touches the given line 


La: + my + 1z=0 


is—- 

A'D + B'm? + Cn? +2 inn + 2G nl +20 Im=0 (l) 
where A’, B’, C’,...... are the minors of a’, b’, ¢’,...... in the 
determinant. 


ot 


a Ki’ J | 
b' f | 
yg fo e | 


and are therefore funetions of second degree in (7’, y’, 2’). 
Hence the locus of (2’, y’, z’) is a conic, which is called the 
Pole Conic of the given line and its equation is— 


j 
| 
| 


Al? + Bm? + Cn? + 2F mn + 2Gnl + 2Him=—O0 (2) 


Ee. 1. Shew that the pole conic of a line can be defined as— 
(i) the envelope of polar lines of points on the line, 


(ii) the locus of poles of the line w.r.t, the polar conics of 
all points on the line. 


Ew. 2. The tangents to a cubic touch their pole conics. 


Ex. 3. Deduce the tangential equation of the cubic. 





* Theory of Plane Onrves, Vol. I, §77. 
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Ea. 4. The pole conic of a tangent tothe Cayleyan reduces to a 
point. (The tangent together with its conjugate line constitutes the 
polar conic of some point, and all the polar lines of points on the 
tangent pass through this point. ] 


Ee, 5. The pole conic of the line at infinity is the locus of points 
whose polar conics touch the line at infinity, ie, become parabolas. 
(See Vol I, § 91.) 


65. Properties oF THE Pore Contre *: 


From Maclaurin’s theorem, it follows that if a line 
intersects a cubic in the points P, Q.R and tangents be 
drawn at these points, the polar line of any pomt on the 


C 





line with respect to the cubic is the same as its polar line 
with respect to the three tangents. Now, if these tangents 
be ryz=0, the polar line of (:', y’, :') is— 


e 


eye! yz! a! +za'y'’=0 (1) 
Also be! +m y! + nz! = (2) 


* Salmon, H. P. Curves, § 185. 
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Hence, the pole conic of the line is the envelope of (1), 
subject to the condition (2), 


Te, V(be) +v (my) +v inz) =0 (3) 


which is an inscribed conic of the triangle formed by the 
tangents, D, E, F being the points of contact. But from 
each of P,Q, R a second tangent can be drawn to the 
conic, and let IL, M, N be the points of contact of these 
tangents respectively. By the properties of the inscribed 
conic, the groups A, L, D; B, M, E; and C, N, F are each 
collinear and these lines meet in a point, By the harmonic 
properties of quadrilaterals, the points D, E, F are harmonic 
conjugates of P, Q, R with respect to the  point-pairs 
B,C; C, A and A, B respectively. 


66. INTERSECTIONS OF A LENE WITH rers Pork Conic: 


The pole conic of the line r=0  w.7.4. the cubic 
Sp y3 +25 46m ryz=0 


is ys=m*.s*, having y=0 and :=0 as tangents at the 
points where «=O meets it, 


The lines joining the vertex A with the points where 
«=Q meets the cubic are— 


y+z=0, ytuo =0, yto?z= (1) 
These lines together with y=0 form an equianharmonic 
pencil, since the six cross-ratios of this pencil are 


— 0, — w, —@W; —w?, —w?, —w?, 


Similarly, :=0 forms with the lines (1) an equianharmo- 
nic pencil. Therefore the transversal +=0 meets both these 
pencils in® equianharmonic ranges. We thus obtain the 
theorem 


The points of intersection of a line with tts pole conic are 
situated equianharmonically with regard to the points where 
the line intersects the original curve. 
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67. THEOREM 


The polar conics (line-pairs) of two conjugate poles touch 
the Cayleyan in four collinear points. 

Let AQ, AS and BQ, BS be the polar conics of two 
conjugate poles B and A respectively (Fig. § 58). Let C’ 
be the point conjugate to C. The polar conic of C consists 
of AB and a line C’abed drawn through C’. Let this line 
intersect AQ, AS, BS, BQ in the points a, b, c, d respec- 
tively. Then a, b, c,d will be the points of contact with 
the Cayleyan of those lines respectively. 

Now the poles of AC are the intersections of the lines 
AB and C’abcd with the lines BQ, BS, z.e., the poles are 
the points c,d and the point B counted twice. But AC is 
the tangent to the Hessian at A. Therefore the points c, d 
are the points of contact of BS and BQ with the Cayleyan. 
Similarly, a and b are the points of contact of AQ and 
AS with the Cayleyan, which proves the proposition. 


68. THEOREM 


The line joining two conjugate poles ts divided harmonically 
at the point where it cunts the Hessian again and its point of 
contact with the Cayleyan.* 

Let C’ be the complementary point t on AB, and join the 
two conjugate poles C and OC’. If D'be the complementary 
point on CC’, the line CC’ and the conjugate line through 
D’ constitute the polar conic of some point on the Hessian, 
This conjugate line DD’ intersects AB in its point of 
contact with the Cayleyan. 

But every polar conic divides harmonically the line 
joining two conjugate poles. Hence the lines CC’ and 
DD’ divide AB harmonically, which proves the theorem, 


# Qayley, Phil. Trans., Vol. 147 (1857), p. 425. 


t The point in which the line joining two conjugate poles meets 
the Hessian again is called by Salmon the complementary point. It 
is the point where the line is cut by the conjugate line, the two forming 
the polar conic of some point.—BSee H. P. Curves, § 176. 
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69. THEOREM? 


The Hessian touches the nine inflecional tangents at their 
intersections with the corresponding harmonic polars. 


The polar conic of a point of inflexion A consists of the 
inflexional tangent and the corresponding harmonic polar 
intersecting each other at B, which is conjugate to A, and 
both A and B lie on the Hessian. The lines are tangents 
to the Cayleyan. The infiexional tangent AB is the polar 
line of A, and therefore is the tangent to the Hessian at 
the conjugate pole B Hence the inflexional tangent AB 
touches the Hessian at its intersection with the corres- 
ponding harmonic polar. 


Eo. The three tangents which can be drawn to the Cayleyan from 
any point on the Hessian are the line joining the point with the 
conjugate pole and the two lines constituting the polar conic of the 
conjugate pole (Cremona, § 138). 


70. Points OF CONSACT OF THE CAYLEYAN WITH THE 
Hessian: 

The inflexional tangent AB is an ordinary tangent to the 
Cayleyan, while the harmonic polar through B is a cuspidal 
tangent (§ 61). But AB is also a tangent to the Hessian 
at B and therefore the complementary point is B, and the 
conjugate line to AB, on which the point of contact with 
the Cayleyan must lie, is the harmonic polar, intersecting 
AB at B. Hence B is the point of contact of AB with 
the Cayleyan, i.c., the point of contact of the inflexional 
tangent with the Cayleyan is the point where it meets 
the harmonic polar. Thus the Hessian and the Cayleyan 
touch each other at B with the common tangent AB, which 
is the inflexional tangent of the cubic at the conjugate 
pole A. Thus we obtain the theorem :— 


The Cayleyan and the Hessian touch each other at nine 
points, which are the points of intersection of the inflexional 
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tangents with the corresponding harmonic polars, the common 
tangents being the nine inflextonal tangents to the cubic,* 


That the Hessian and the Cayleyan correspond reci- 
procally has been shown by Cremona (§ 41), For further 
information, see Scott, Phil. Trans., Vol. 185 (1894), and 
Gordan, Trans. Am, Math, Soc., Vol. 1 (1900). Ll roperties 
of cubic curves with reference to poles and polars were 
discussed by Loudon, Math. Ann. Bd. 36 (1890). 


Ex, 1. Shew that the Cayleyan of a cuspidal cubic degenerates 
‘into the cusp und the intersection of the cuspidal and _ inflexional 
tangents. 


Ex 2. Shew that the Caylcyan of a nodal cubic is a conic. 


Ev. 3. Shew that the Cayleyan is the envelope of the mixed 
polar lise of two points on the Hessian, cf which one is the 
tangential of the other. (Cayley.) 


— — — — -= — — — — — Je⸗ 
— — e - — — — — — — — — — 


* These two curves cannot touch each other at more than nine 
points; for the Cayleyan is of degree six and the Hessian of degree 
three. The number of common points is therefore 18. If they touch 
each other at more than nine points, they would intersect in more 
than 18 points, which is impossible. The number of common tangents 
is also nine, for they can have only 18 common tangents, one being 
of class 6 and the other of class 3. When they touch ata print, the 
common tangent at that point counts as two common tangents. 


CHAPTER III 


Rationat Cosics 


71. GENERAL PROPERTIES 


There are three classes of cubic curves with a double 
point, namely, the nodal cubics, cuspidal enbies and acnodal 
cubics; and consequently these are the only cubies of 
deficiency zero, whose equations can be expressed in the 
parametric forms, ¿e the co-ordinates are expressible as 
rational and integral functions of a parameter. In the 
case of a non-singular cubic, the deficiency is unity, 
and the co-ordipates are expressible in terms of elliptic 
functions. 

Writing the parametric equations of a cubic m the 
form t-— i 


wa At Ha A +a,rA+a, Ef A) 
y=b A Hb AHO, Atb, =/, A) (1) 


Seed teh He Ate, Sfat À) 


the implicit equation of the curve may be obtained in a 
determinant torm by eliminating A between these equations. 
The resulting equation is of degree three, and thus it 
represents a curve of the third order, and of class four. It 
gives the general parametric representation of all the 28 
rational curvés of the third order in a plane.* 


* Igel, Uber ebene Kurven dritter ordnung mit einem Doppel- 
punkt, Math, Ann. Bd. 6 (1873). 
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72. INFLEXIONS AND DOUBLE POINTS: 


If the three points with parameters A, p, v lie ona 
straight line 
le+-my +nz=0 


we must have 


Uf (A) + mf, (A) +nf,(A) =0 
Uf, (mn) + mf, (nh) +nf, (n) =0 (1) 
fi) +f, (v) +uf,(v) =0 
Eliminating J, m, n, we obtain the determinant equation : 
FAA AA AA) | =O 
file) F. U) fle) 
f) fao) fs) 


which is the product of the two matrices— 





| ao a, Qs as |i | As `Yo A 1 | 
by b, bs ba | p` pe p 1 | 
| fo C; Co Cs | y? ve v |l | 


whence we get 


l1 —(A+pby) CAptpy+vA) —Apy , =0 


| 
l 
a, a, a, as | 
{ 
{ 
| 
Co Cy C; Cy | 


This may be written in the form — 
kotk (Atuty) +h, (Apt py vd) tk, Apy=0 (2) 


where k,, k,, k,...denote the determinants of the first 
matrix above written. 
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lf now A=p=v, the parameters of the points of inflexion 
are obtained from (2) in the form— 


ko #3k,A+3k,A? +k A =O (3) 
which shows that the three inflexions lie on a right line. 
The discriminant A of (3) is given by— 
AB (kgky— ky ky) * —4(ky ky —k,”) (kok, — hy?) (4) 
and one or all the three inflexions are real, according as 


A is positive or negative. 


Again, the double point on the cubic corresponds to two 
different parameters a and £, and if A be the parameter of 
any point, then the three parameters a, B, à must satisfy 
the condition (2) identically, č.e., for all values of A, 


ko tk, (a+ B+A) +h, (BA+arA+a8) +h, AaB=0 
whence, 
khoa tkiia+8)+k,aß=0 
ki +k, (a+8) +k, aB=0 
and consequently, a, B are the roots of the equation 
1 —p p? | =0 


ko k, ka (9) 


The discriminant of this equation is the same as in (4) 
and the double point is a node or a conjugate point, accord- 
ing as A is positive or negative. 

Hence we obtain the theorem— 

e 

A unicursal cubic possesses one or three reul points of 
infle:ton, according as it has a node or a conjugate point. A 
cuspidal cubic has always one real infle ion. 


* Cf. G. Loria, Spezielle Alg, und tranz. ebenen Kurven, Vol. 1, §18. 
10 
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73. APPLICATION TO CANONICAL FORMS 


The equation of an autotomic cubic can be put into the 
form— 


° (y2—ke*)z=r5 vee (1) 


where the vertex C is a node, a cusp or a conjugate point, 
according ask >. =, or < 0. 


By putting «=Ay, we can express the co-ordinates of 
any point in the form— 


eo y  z=zA(1—hA*) (1—kA*) AS (2) 


The equation of the line joining any two points with 
parameters a and B may be written as— 


a{a*-+a8-+ B*—ka*B*}—y{a8(a+A)} 
—z{(1—ka*)(1—kB?* )} =0 
whence the tangent at any point a=B is— 
a'a (3— ha? )—2a* y—z(1~ha?)? =0 (3) 


which is of order four in a, und hence the curve is of class 
four. The parameters of the points of contact are given 
by (3), and if a,,a,,a,,a, be the parameters, we have 


%a,a,a,=0, te, 2 1 =0. 
a 


By a proper choice of co-ordinates, the equation (1) 
can be put into the simpler form— 


(a° +y* )e=ex® 
the upper sign belonging to the case of the acnodäl, and the 
lower to that of the crunodal cubic. 


The co-ordinates of any point can then be taken propor- 
tional to 


(14+6*): 6(1+6*) 1 
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Substituting these values in the equation of an arbitrary 
line le-+my+nz=0, the parameters of the three points 
where the line meets the cubic are given by— 


(l+n) + m6 +16* + m5 =0 


If 6,, 6,, 0, are the parameters, we have— 
0,0, +0,0, +0,06, =41 
When the line touches the curve at a point of inflexion, 
0, =0,=0,, whence 02 +4. 
Thus we obtain the theorem : 


An acnodal cubic has three real inflexions, and a crunodal 
cubic one real and two imaginary ones. 


which was otherwise established in the preceding article. 


Eo. 1. Express rationally in terms of a parameter the co-ordinates 
of any point on the curves : 


(i) (o+y)(o—y)? =4ay2 (ii) zu, =u, 


Ev. 2. Find the locus of a point P such that the points of contact 
of the four tangents drawn from it subtend a pencil of constant cross- 
ratio at the node of a nodal cubic 


E». 3. Express rationally in terms of a parameter the co-ordinates 
of any point on the cubic 
a(a—y)*2=0°%, 
and shew that the sum of the abscissac of the feet of concurrent 
normals is constant. 


Eo, 4. Shew that the equation of a cubic having one real inflexion 
at infinity and two at the circular points at infinity may be put into 


the form— 
27m(w? + y?) =(4m—a)* 


Ex. 5. Shew that the co-ordinates of any point on the curve 
abe yb+ ote 


may be taken as 8 (1-6)? —1. 
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74, UNIPARTITE CUBICS: 


From equation (1) of the last article, it follows that the 
parameter for the double point is given by A= + V/1/k. 


If the curve has a node, k > 0, and à has two distinct 
real values; and consequently the curve consists of two 
branches, of which one corresponds to the values of the 


parameter between +/V1/k and —WVI/k through O. 
and the other between + /1/k and —V/I/k through oo 


As k becomes smaller and smaller, the second branch 
gradually disappears and finally forms a loop at the 
double point. If k=O. there is a cusp produced by the 
gradual contraction of the loop, when the parameter passes 
through oo. 

Tf k is negative, the double point becomes a conjugate 
point and it no longer lies on the continuous branch whose 
points correspond to the real values of the parameters from 
—oo to +00. This acnode is an isolated point that cannot. 
be included in the description of the curve by a real 
tracing point,* 

Hence a unicursal cubic consists of a single circuit, te, 
at is unipartite. 


But as has been pointed out,f all unipartite cubics 
are not necessarily unicursal. A crunodal cubic is unicursal 
and unipartite, all the points on the curve succeed each 
other in a definite order, and form a single circuit. The 
curve may be regarded as consisting of a loop and an 
infinite branch, the two parts of which are separated by the 
loop. A cuspidal cubic and an acnodal cubic are each of 
them unicursal and unipartite. 


* The curve, due to the existence of the acnode, has, in fact, two 
imaginary branches, and cannot, therefore, strictly speaking, be termed 
unicursal, 


+ Theory of Plane Curves, Vol. I, § 241. 
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75. BIPARTITE CURVES: 


If, however, the curve consists of an oval and an infinite 
branch, every right line, meeting the oval once, must meet 
it a second time and no more. Therefore, that line can 
meet the infinite branch only once. Consequently, no 
tangent can meet the oval again, and no points of inflexion 
van lie on the oval part. But from any point outside the 
oval, two tangents can be drawn to it. Hence the oval is a 
continuons series of points, from none of which any real 
tangent, distinct from the tangent at the point, can be 
drawn to the curve. The four tangents drawn from any 
point on the infinite branch are all real, two to the oval 
and two to the branch itself, while the tangents from any 
point on the oval are all imaginary. The tangent at any 
point of the infinite branch must meet that branch again 
and zot the oval, since, if it meets the oval, it must meet it 
twice. 


Again. the points are not arranged in a single circuit. 
For, if we start with any point on the oval and proceed 
continuonsly, we return to the starting point, without 
passing through any point on the infinite branch. In this 
case the co-ordinates cannot be rationally expressed in 
terms of a single parameter. The curve consists of two 
distinct branches and is called a bipartite curve.* 


In fact, a non-singular cubie with unit deficiency 
consists of— 


(1) a continuous portion, called the odd circuit, approach- 
ing the asymptote at its ends and contained between two 
lines parallel to the asymptote ; 


(2) a portion called the even circuit or oval, contained 
between two lines parallel to the asymptote. 


Thus, cubic curves may be divided into two main 
divisions—unipartite cubics and bipartite cubics. 


* Cf. Salmon, H. P, Curves, §§ 200, 201. 
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76. CoLLINkEAR POINTS : 


If la+my+nz=0 be the equation of a line, meeting the 
curve in three points with parameters a, B, y respec- 
tively, substituting the values of x, y, z from the equation 
(1) of § 73, we obtain 


AS(n—1k) —AP mk +lA+m=0 (1) 
whose roots are a, B. y and consequently 
at B+y=mk/(n—lk) 


aBy=—m/(n— 1k) 


whence. 
a+ B+y+ kaßy=0 (2) 


which is tbe relation to be satisfied by the parameters of 
three collinear points on the cnbic. 
If a=B=b and y=a, the condition becomes 
a+2b+kah? =0 (3) 


showing that two tangents can be drawn from any 
point a on the cubic. 


lf k=0, the donble point is a cusp ¿nd the condition of 
collinearity (2 becomes 


a+B+y=0 


If s=—1 (say), the double point is an acnode and the 
condition of collinearity becomes 


a+ B+y—aBy=0 
Putting a=tana, B=tanb, y=tanc, it becomes 
tan (a+b+c¢)=0, ie., a+b+c=0 (mod r). 


Again, the discriminant of (3) is A=l—ka*. Hence 
it follows that if the absolute value of a isless than /1/k, 
b is imaginary, and consequently no real tangent can be 
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drawn to the curve. But in this case the point lies on the 
oval. Hence, from a point on the oval, no real tangent can 
be drawn, as we have otherwise shown. 


If a=+~vl1/k, both the points of contact coincide with 


the double point. It then gives b=+W/1/k as the para- 
meter of the cusp. If k=0, one of the roots of (3) is infinite, 
and the loop contracts into the cusp, and from any point 
on a cuspidal cubic only one tangent can be drawn to the 
curve and the parameter of this point of contact is 
b= —}a, the other tangent corresponds to b=, which ia 
therefore an asymptote to the curve. 


If a=b, i.e.. if the tangential coincides with the point 
itself, it is a point of inflexion, and the above equation (3) 
becomes 

3a+ kas’ =0 


whose roots give the parameters of the points of inflexion. 
These parameters are, therefore, 
a,=0, az= +4 V—3/k, a, = — V—3/k. 


These three points of inflexion are real only in the case 
when k < 0, z.e., when the curve has an acnode. When 
k > 0, the curve has a node, and there is only one real point 
of inflexion, as was otherwise shown in § 72. 

Again, 

a, +a, +a, =0 and 4a,a,a,=0 


a, +a, +a, tha, a a, =0 


ie, the three points of infle:iion of a unicursal cubic lie on 
a right line. 
e 


Ew. 1, Shew that the product of the parameters of three collinear 


points on the curve 
w? +y? = Bayz is —l. 


Ee, 2, A chord subtending aright angle at the node of the cubic 
o°+y5=3aney meets the cubic again at a fixed point. 
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77. NopaL cusics: 


Consider the line «=Ay drawn through the double point 
C on the cubic œ? +y*+6miyz. Eliminating æ between their 
equations, we have y°(1+A%)+6maAy?z=0, which gives 


yjz= —6mdA/(1+A*) 
and consequently 
Z =—6maA*/(1+A*) 
Thus, & y za—6mdrA? —~—GmdrA 1+4A5 


The product of the parameters of three collinear points 
A,,A,,A, is equal to—l. IfA,=A,, we obtain A,*=—1/A, 
or, A,z=—1/A,’, ie., the tangential point A, of A, is —1/A,?, 
and the points of contact of the tangents drawn from the 
point A, are given by— 

M -L/M, fe, + V/1)X,. 
If the line is an inflexional tangent, ,=A,=A,. nnd 


the condition is 1+A*=0, which gives the parameters of 
the points of inflexion as —1, —w, —w? 


If the equation of the acnodal cubic be put into the form 
2(a*+y* j)=y(32?- y*), the co-ordinates of any point may 
be expressed as (cos ¢, sin ¢, sin 3), and the collinearity 
of three points is obtained in the form— 


$, +4, +4, =0 (mod 7). 


Ee. 1. The parametric representation of the Folium of Descartes 
r’ +y? +3awyz=0 is given by— 
v y = —3aa? —3aa (1+A3), 
Ea. 2. Shew that the co-ordinates of any point on the crunodal 


cubic 
n(@*—y*?)= y(3w +y?) 


may be put in the form (cosh ¢, sinh ¢, sinh 39). ¢ 


Ex, 3. Prove that the product of the parameters of six points in 
which a conic meets the cubic #°+y*%=6mzyz is +1. 


Ee. 4. Rhew that a nodal cubic and its Hessian are in plane 
perspective, the node and the inflexional line being the vertex and 
axis of perspective. 
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78. CUSPIDAL CUBIC: 


The co-ordinates of any point on the cuspidal cubic 
#z=%° can be expressed as 
9 z= 1 X. 
The line 
læ + my -+ nz =0 
meets the cubic in points given by 
lA tmn =0. 
Hence the sum of the parameters of three collinear points 
is zero, and conversely. 


Hence the tangential of a point A is —2A, and the point 
of contact of the tangent, drawn from any point A is —2A. 
At a point of inflexion 3A=0, t.e., A=0. 


The equation of a line joining any two points A,, A, 
on the curve is— 


(AP AAS HAEA A (A FA, y m2 =0. 


For this is satisfied by the co-ordinates of the two points 
having parameters A, and A,. Hence the equation of the 
tangent at a point A=A, =A, is— 


3A? w —2A3 y—z=0. 
If this tangent passes through a fixed point, the above 


equation in A gives the values of the parameters of the 
points of contact of tangents. 


Thus if A,,A,, A, be the parameters, we have— 
MAar Ar FAA, 220, ie 1 =0. 


Hence the parameters of the points, the tangents at which 
meet in a point, are connected by the relation 


1 
25 =0. 


ll 
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79, INTERSECTIONS WITH AN n-ic: 


The points of intersection of the cubic with an n-tc 
f(x,y, 2)=0 are given by f(A, 1,A%)=0, in which the 
co-efficient of A**-! is zero, and consequently the sum of 
the roots is zero. Thus the parameters of the points of 
intersection of a cubic with an n-ic are connected by the 
relation 3A\=0. 


In particular, if a conic intersects the cubic in six points 
with parameters a, b, c, d. e, f, then 


a+b+c+d+e+f=0. 


Again, if g is a point collinear with e and f on the cubic, 
e+f+g=0, 
g=—(e+f)=atb+c+d. 


i.e., of a conic through four points on a cubic intersects this 
latter in two other points, the line joining them passes through 
a fixed potnt on the cubic (§ 19). 


Similarly, all other theorems in residuation follow in the 
case of a cuspidal cubic. 


Ee, 1. Express in terms of a single parameter the co-ordinates of 
a point on the curve 
y?z=o*(a—s), 


[ The co-ordinates of a point are given by 
@ > ys zgz=A(1 +A?) (14A%) at] 


Ex, 2, A conic osculates a cuspidal oubic at two points. Show 
that the chord of contact passes through the inflexion. 
£ 


Ee, 3. Tho chord in Ex. 2 is divided harmonically by the inflexion 
and the cuspidal tangent, 


Ew, 4. The locus of the intersection of tangents to the semi- 
cubical parabola ay*=#° at points subtending a right angle at the 
ousp is a nodal cubic having double contact with the curve. 
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80. CUBICS WITH UNIT DEFICIENCY OR NON-SINGULAR 
CUBICS : 


We have seen that all curves of deficiency zero is repre- 
sentible rationally by means of a parameter, while for curves 
of unit deficiency, it is necessary to introduce elliptic func- 
tions in their parametric representation, and we shall now 
directly demonstrate the procedure in the case of non- 
singular cubics ; and for this purpose, we shall make use of 
special forms of equations of a cubic. 


The equation of any curve of the third order (defici- 
ency 1) may be written in the form— 


Fs 22*—y(a—y)(k?a—y)=0 (1) 


which shows that the point (æ, y) is an inflexion with x=0 
as the tangent. Through this point there evidently pass 
tke three lines— 


y=0, w—-y=0, k*x—y=0 


and we get xz? =0, showing that these lines are the tangents 
drawn from the inflexion (wx, y), the points of contact lying 
on 7=0, z.e., z=0 is the harmonic polar, 


It follows then that k?’ represents one of the six cross- 
ratios of the three tangents and the inflexional tangent, i.e., 
the pencil of lines. 


a=0, y=0, a—y=0, k*a—y=0. 
The equation (1) is evidently satisfied by putting 
eiy wp p V(l—p*)(l—hi py!) 
@ 
If now we put p=sn u, t.e. 


a di 
“= VOme) aei 





0 
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we obtain Vl—p’° =cnu and vl—k'p’ =dnu. Hence 
the co-ordinates are expressed in terms of elliptic functions 
in the form — 

“e y z=snðu snu cnu dnu 


Thus then to each value of u corresponds a unique point 
on F, but the converse proposition is not always true, č.e., to 
each point does not correspond a unique value of the para- 
meter u, owing to the periodic nature of the elliptic 
functions. 

The integral (2) has, in fact, two moduli of periodicity 
Q and Q', defined as being the values of the integral taken 
on the two oblique sections of the corresponding Riemann 
surface, and are given by— 


1 
Q=4 | a ee 
J/(1—t*)(l—k?t?) 

0 


1 
. a=a\ -__ -2f — 
J (1—t?)(1—k*t?) ) J (1—t*?)(1— k"t’) 
If u is one value of the integral (2), all the other values 
are obtained from u+ mwt m'w, where m and m’ are inte- 
gers. For, the periods of snu are Q and 0’, while the 
common periods of snu, cnu, dnu are Q and 20'* 


Thus to all points of the curve corresponds an intinity of 
values of the argument, which are comprised within the 
formula 

ut Q+ 
i.e., we say that the curve has the periods 
1 


1 ESEN t 
u= Q, w = 5% 


2 


Clebsch, Leçons sur la Geometric, Vol. II, p. 357-59. 
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81. APPLICATIONS: 


If u., %,, ta be the arguments relative to three collinear 
points on a cubic, it is proved in works on the theory of 
elliptic functions * that 


u, +u, +u; =0 (mod, w, w') 


and conversely, three points of the curve lie on a right line, 
if the sum of the corresponding parameters u,,u,,u, is 
equal to a period. 


Tf now we put w,=u,, so that u, +2u, =0, we see that 
the point of contact of the tangent drawn from the point 
(u,) has the parameter of the form 


mwt mw —u, 
Ie =—_ — — — 
2 


where m and m’ are integers. We may take m and m’ 
equal to zero and —1, because all higher numbers may be 
obtained by adding integral multiples of the periods. 
Hence, we obtain the theorem : 


The parameters of the points of contact of the four tangents 
drawn from any point u to the curve are 


u ut w _ uto _utoto 
2? 2 ? 2 2 








and conversely, the tangential point («) of any point, (v) is 
determined by the equation «+2v=0 (mod. w, w’) 


l.e., uws=—2v (mod. w, w’). 


lf we put u, =u, =u, we obtain the parameters of the 
nine points of inflexion in the form 


0. ® w wto 2w 20 
a ae” a 3° 38’ 383’ 


QZu-w wf Qo! Qw + Qw! 


— — — 


3 3 





* A. G. Greenhill, The Applications of the Elliptic Functions, § 144, 
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These may be expressed symbolically as— 
(00), (10), (01), (11), (20), (02), (21), (12), (22) 


whence we see that the nine points lie on the 12 inflexional 
lines— 
(00)"(01) (02) | (00) (10) (20) | (00) (11) (22) | (02) (11) (20) 
(10)7 (11) (12) | (01) (11) (21) | (01) (12) (20) | (00) (12) (21) 
(20)*(21) (22) | (02) (42) (22) | (02) (10) (21) | (01) (10) (22) 
It can be easily seen that the periods 
wo w wtw 
3° a 


correspond to the points of contact of the tangents drawn 
from the inflexion 100) to the cubic, and since the sum of 
the periods is equal to w+w’, the three points are collinear. 
From Abel’s theorem it follows that the parameters of 
the 3n points of intersection of a cubic with any n-ic satisfy 
the relation. 
t,t, Hugt... Fus, =0 (mod. w, w) 


If now we put n=2, we obtain— 
u, Fu, +u, +u, +u, +, =0 (mod. w, w) 
i.e., the sum of the arguments of the six points of inter- 
section of a conic with a cubic is congruent to zero. 
If now we put u, =u, =u, =u, =u, =4,, we obtain 


mwt m'w 


6 


u = 


which-gives the parameters of 36 points by patting m and 
m' equal to 0, 1, 2, 3, 4, 5, and these include the points of 
inflexion. 

Hence, rejecting those nine points, we obtain the para- 
meters of the 27 points where the conic has six-pointic 
contact with the cubic, z.e., the 27 sextactic points (§ 21) 
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Putting u,=u,, u,=u,, Uş =ù, we obtain 


mwt m'w 


2 


u, Fu, tu, = 


which shows that the three points u,, ùg, ua are the points 
of contact of a conic with the cubic, and hence there are 
three systems of conics. 

It will be seen that the curve is bi-partite, the odd 
circuit is given by real values of the parameter u lying 
between O and w, and the even circuit is given by u=v+{' 
where v is real, lying between 0 and w. 

Various other properties of intersections of a cubic with 
other curves can be established in a similar manner, for 


which the student is referred to Clebsch, Leçons sur la 
Geometrie, Vol. Il, Chap. II, pp. 355-393. 


Ee. 1. Shew that the tangential of a sextactic point is an 
inflexion. 


[If v is the parameter of the tangential, 
utu+v=0 or væ —2u (mod. w, w')] 
Ew. 2. Shew that there are 72 coincidence points on a cubic (§ 21). 


[ The parameter of such a point satisfies 9u =0(mod. w, w’) 
er — (m, m’ =0, 1, 2, 3) ] 
Exs. 3. Shew that a point (u) coincides with its third tangential 
if Ou = 0. 


Ew. 4, Shew that six of the coincidence points are real, all lying 
on the odd circuit. 


Ee. 5. A conic has five-point contact with a oubic Shew that it 


meets the cukic again on the line joining the point of Sontact to ite 
second tangential. 


Ee. 6, Shew that a cuspidal cubic has no sextactic point, nor 
coincidence point, 


Ev, 7. Prove that the locus of the sextactio points of a pencil of 
oubics is the nine harmonic polars. 
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82. PARTICULAR CASES: 
When k=0, the cubic (1) of §80 reduces to the form 
a*a=y?(y—x) 
which has an acnode at (1, 0,0). In this case the elliptic 
functions reduce to ordinary circular functions,* and the 
co-ordinates are expressed as— 
sin‘ sinu cos i 
since, when k=0, 
snussin u, cnu=cos u, dnu=l. 
Similarly, when k=1, the elliptic functions reduce to 
hyperbolic functions and the equation of the cubic becomes 
sexy(y—2)? 
which has a crunode at (1, 1, 0) and the co-ordinates are— 
tanh®« tanhu sech*z, since, when k=l, 


snu=tanh u, cnu=sech u, dnw=sech u. 


Thus if the cubic is unicursal, the co-ordinates are 
expressible ir terms of circular or hyperbolic functions. 


83. Use or WEIERSTRASS’S @ FUNCTION: 


We have explained how the expressions of co-ordinates 
of any point on a curve are simplified by using Weierstrass’s 
@ function.t If the equation{of a non-singular cubic is put 
into the form— 

y exes —g wz? —g z? 


it is at on® found that any point on the cubic may be 


taken as— 
Cu, @'u, 1. 


* Greenhill, loc. cit. § 16. 
+t Theory of Plane Curves, Vol. I, § 244. 


RATIONAL CUBICS 89 


It follows that three points with parameters u, v, w on 
the cubic are collinear, 


if &u @u 1j =0 
Qu ev 1 
ew Rw l 


whence, as proved in works on elliptic functions, 
u +r +wE0 (mod. w, w’) 


where w, w are the periods. 


For other particulars with regard to intersections of a 
non-singular cubic with a conic, etc., see Clebsch— Sur 
Theorie der Ourven dritter Ordnung—Crelle, Bd. 63 (1864), 
pp. 115-121. 


Ee, Shew that the four tangents drawn from any point of the 
cubic form a pencil, having one of the oross-ratios equal to k?, 


84. STEINER’Ss POLYGON :* 


The formulae we have obtained before may be applied 
to the investigation of Steiner’s Polygon inscribed in a 
unicursal curve. 


Let p and q be the parameters of a Steiner’s pair, 


Through p draw any straight line meeting the cubic in 
two points u, and wu, (say). Joining u, to q, we obtain a 


* Application to a oranodal cubic is to be found in a paper by 
Weyz—Uber Kurven dritter Ordnung mit einem mittelpankt—Math. 
Ann, Bd. 3 (1871). See also G. Loria, loc, cit., p. 29. 

For application of elliptic functions in studying the properties of 
Steiner's Polygon—see Olebach, Crelle, Bd. 63 (1864), pp. 106-121. 


12 
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third point u, in which this meets the cubic. Let u, be the 
third point where the line u,p meets the cubic, and so on. 
We thus obtain, by 2n operations, 2%-+3 points on the curve 


(P, Q, Uz, Ugyereteg ns Ug nay) 
having one of the following groups of 2n conditions satisfied 


by their parameters, according as the curve has a node,* a 
cusp or a conjugate point: 


Puu, =k qu,u =k >) 
Pust, =k u,n =k | 
> k=const. (1) 
PUgn— Maney, Guants nya hk. J 
ptu, +u, =0 q+u, +u, =0 ) 
ptu, tu, =0 q+u, +u, =0 


(2) 


—— 


PH Us n-1+U,,=0, GU n usn = 
pi tu, tu, =0 qatu, tu, =0 


Pi tug tu, 0 Js tu, tu, =0 


If these operations lead to a closed polygon, we must 
have u n+, =u4,, Substituting in the equations (1), (2), 
(3) and multiplying the n equations in (1', or adding the 
n vertical conditions (2) or (3', we obtain the following 


conditions for the Steiner’s pair, namely, e 
p“ =q" (4) 
p= (5) 
nptng (mod r) (6) 


* See Loria, loc. cit, § 19(a), p. 28. 
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whence, if one of p org is known, the other can be found. If 
n is odd, from (4) we get only the real root p=q, but if n is 
even, we have also p= —q. 


Thus, tn a crunodal cubic curve there are Steiner's polygons 
the number of whose sides is a multiple of 4; if one such 
number is given, and any point be taken on the curve, then 
there is only one point on the curve which together with the 
given point forms a Steiner's pair. 


The equation (5) is satisfied by p=q only. Hence, 
on a cuspidal cubic, there is no Steiner's Polygon in the 
ordinary sense. 


But from (6) we have— 
p=qtk= , (k=l, 2, 3,...n—1) 


Hence, on an acnodal cubic, there are Steiner's Polygons of 
even order 2n; if one point is given, there are n—1 other 
points each of which forms with it the fundamental pair 
of a Steiner’s 2n-gon. 


Eø, 1, Two points having the same tangential point always 
generate a Steiner’s quadrilateral, 


Ew, 2, If P’ and Q’ are the tangentials of two points P and Q and 
if PQ and QP’ intersect on the curve, then P, Q generate a Steiner's 
Hexagon. 


85. In the case of a non-singular cubic, we may study 
Steiner’s polygons, as we have done in the case of cubics 
of deficiency zero. It is easily seen, that there is an infinite 
number of polygons of 2n sides and 2n vertices, such that 
the vertices are situated on a curve of the third order 
and the odd sides all pass through a point p and the even 
sides through another point g on the same ourve. 
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When one of p or g is given, the other can be determined 
by means of equations as given in (3), whence in the 
present case, we have 


np+ Su, =0, ng + Su, =0 
1 he 
t.e. p=qt 2 (mw + m'w) 


i.e., p is obtained by means of division of the elliptic function 
into n parts. In fact, 
if = ‘a B+ mo + mw 
i g=Bin, ps —— 

Hence the co-ordinates of p will be obtained by replacing 
B by 

B+mo+ m'w 
n 


in the expressions sn, cn, etc. 


The problem has n?’ solutions, n being an odd integer, 
and these solutions may be represented by radicals by 
means of roots of an equation of order (n+1). Among 
the n? solutions, there is one when p=g, and that will not 
give us any result. 


Hence, tf n is an integer, there are n*--1 points q forming 
with a given point p a Steiner's pair.* 


* For further information, see Clebsch—Levons, ote., Vol. II, 
p. 874, ete. 
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CIRCULAR CuBIcs 
86. CIRCULAR CUBIC: 


Derinition: A circular cubic is a curve of the third 
order, which passes through the two circular points at 
infinity. 

General properties of circular cubics are best studied in 
connection with those of bicircular quartics; for, they may 
be regarded as degenerate forms of the latter, In the 
present chapter, however, we shall study the properties 
of certain well-known curves belonging to this class as 
inverses of conics with respect to a point on the curve. For 
other informations and fuller details, the student is to 
consult the paper by C. A. Bjerkness—Sur une certaine 
classe de courbes detrotstéme ordre rapporteéds & lignes droites, 
qui dépendent de parameters donnes—Crelle, Bd. 55 (1853) 
and also. F. Fricke—Uber ebene Kurven dritter ordnung 
welche durch die imaginären Kriespunkte gehen—Dissertation, 


Jena (1898). 


87. THE EQUATION OF A CIRCULAR CURVE: 


Let C=0 be a circle and S=0 a conic. Then the 
equation of a circular cub ic — 


u,C+kS=0 (1) 


where k=0 is the line at infinity and u, is a right line. 
For, this is a cubic curve and evidently passes through the 
points where the line at infinity intersects the circle, z.e., 
the two circular points at infinity. 
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Again, since the line u, meets the cubic at one point 
at infinity and two points at a finite distance on the conic S, 
it is parallel to an asymptote of the curve. 


The general Cartesian equation of a circular cubic can 
therefore be written as— 


(Letemy+n) (2? +y? + 292+ 2fy+c)+S=0 we (2) 
where S=0 is the general equation of a conic ; 
or, in the form— 
(2° by" + my)-+V =0 (3) 
where V is a conic, 


If the line «, is taken as the axis of y and the origin 
on the curve, the equation takes the form— 


æ (12+ y?) +a? +2hay + by?’ + kr=0 (4) 


It can be easily seen that a circular cubic is determined 
by six or seven points, according as it is of deficiency 0 or 
unity. 


Ee, 1. Shew that the equation of any circular cubic can be pnt in 


.the form 
a(x? +y?)+an* + 2hzy + 29x + 2fy=0 


Es. 2, Shew that the equation of a circular cubic having two 
imaginary inflexions at the circular points is— 


ulw? 4+ y?) +13 =0. 


88, CIRCULAR CUBICS AS INVERSES: 


The inverse of a conic with respect to a point on the curve 
is a circular cubic, whose real asymptote ts parallel to the 
tangent to the conic at the centre of inversion. 

The equation of a conic having the origin on the curve 
is of the form— 


az? + by? + 2hiy 4 2fy t 2ge=0 (1) 
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The inverse of this with respect to the origin® is— 
k* k? — 
T (az? +2hry +by*)+ = (2fy+2g.)=0; 


or, r? (2fy + 2c) +h? (ar? + 2hay + by*)=0 (2) 
which is a circular cubic, and the line 
2fy + 2g =0 


which is the tangent to the conic at the origin, is parallel 
to the real asymptote of the cubic. 


It is evident from (2) that the origin is a double point 
on the cubic, which is a node, a cusp, or a conjugate 


point, according as the conic is an hyperbola, a parabola, 
or an ellipse. 


Conversely, the inverse of a circular cubic with regard to 
the double point is a conic through the double point. 


Ex, 1, Shew that the cubic 
D(v? + y*) + an* + Zhay + by? + ka=0 
is self-inverse with respect to the circle #* +y? =k, 


Ea. 2. Shew that a circular cubic is self-inverse w,7.¢. fonr 
mutually orthogonal circles. 


Ee. 8. A nodal circular onbic is seif-inverse w. r.t. two circles, 
and a cuspidal circular cubic w.r t. one circle, 


Eo. 4. Ifa circular cubic ia inverted w.r.t. any point on the curve, 


prove that the cross-ratio of tangents is the same for the ourve and 
its inverse. ° 


[The tangents from linvert into the tangents from J forming a 
pencil with the same crogs-ratio. } 





— — — — — —— 


* Theory of Plane Curves, Vol. I, § 15. 
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89. SPECIAL CASES: 


The equation of a conic having the origin at the vertex 
may be written as— 


as? + by* =x 


the inverse of which is— 
a (x3 +y?) =k! (ax? + by*)=ar* + py’ we (1) 


The following special cases are to be noticed ; 


(1) When a and b have the same sign, the curve is the 
inverse of an ellipse, and when they are of opposite signs, 
it is the inverse of an hyperbola. 

(2) When a=0, the cubic is the inverse of a parabola 
and is called a Cissozd. 


(3) When a+b=0, the curve is the inverse of a rec- 
tangular hyperbola and is called the Logocyclic cubic. 


The curve (1) has a double point at the origin, the 
tangents at which are— 


ag? -4 By? =0. 


Therefore. the origin is ẹ node, a cusp, or a conjugate point, 
according as— 
ag? + by? = 


represents two real and distinct, coincident, or imaginary 
lines ; če., according as the conic is an hyperbola, a para» 
bola, or an ellipse. The curve again cuts the axis of « 
at the point =a, which is called the vertex. The only 
real asymptote tothe curve is «=f, and the curve has 
a real point of inflexion at infinity. 


Ee. 1. Shew that a cubic can always be projected into a circular 
cubid. 

Ex. 2. Shew that the tangents to a circular cubic from a point 
where the tangent is parallel to the real asymptote are all equal, 
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90, THE Logocycuic CURVE : 
The Cartesian equation of the curve is— 
a(x? +y*) =a(a* —y*) ve (1) 
The nodal tangents are— 
g? —y3 =0 
which are two right lines at right angles to each other. 
The only real asymptote is— 
æt+ta=0 


which, therefore, makes an angle of 45° with each nodal 
tangent, 





The polar equation of the curve, referred to the node, is— 


r cos 0=a cos 26 


Transferring the origin to the vertex A, the polar 
equation reduces to— 


r? +-2ar sec 0+ a? =0 
or r==—a(sec 6+ tan 0) we (2) 
or, changing the constant 


r=a(sec 6+ tan 0), 
13 
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91. PROJECTION OF A NODAL CUBIC: 


THEOREM: Every nodal cubic can be projected into a logo- 
cyclic curve. 

Consider u nodal cubic having the node at O with the 
nodal tangents OA and OB. Two lines OP and OQ, the 
harmonic conjugates of OA and OB, meet the curve each 
in one other point P and Q (say). Let PQ intersect the . 
curve in a third point R, the tangent at which meets the 
nodal tangents in A and B respectively. Now project the 
figure, so that the line PQ goes off to infinity, and at the 
same time, the angles OAB and OBA are each projected 
into an angle of 45°. Then the projected figure will be a 
logocyclic * curve. 


For, a node is projected into a node and the nodal 
tangents into nodal tangents. The line AB is projected 
into the asymptote, which makes with each nodal tangent 
an angle of 45°. Therefore, the angle between the nodal 
tangents is a right angle, and since OP and OQ are 
harmonic conjugates of OA and OB, and also harmonic 
properties are unaltered by projection, OP and OQ are 
projected into the two circular lines.t Thus, the projected 
curve is a circular cubic, the points P and Q being projected 
into the two circular points at infinity. 


92. GEOMETRICAL CONSTRUCTION : 


Let O be a fixed point and AB a fixed right line. Draw 
OA perpendicular on AB, and any right line OP through 
O intersecting AB at B. On OP take two points P, P’ such 


that 
PB=P’B=AB. 


* Properties of logovyclic cnbics have been discussed by Dr. 
Booth in connection with the geometrical treatment of logarithms, 
a detailed account of which will be found in his book—Treatise on 
Some Geometric4l Methods. 


+ C. V. Durell, Geometry for Advanced Students, Vol. II, p. 31, 
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Then the locus of P and P’ is the logocyclic cubic, of 
which O is the vertex, and A the node. 


For, if Z AOP=8@, we have— 


OP=OB—PB=OB—AB 


=OA(sec 0+ tan 6) 





The polar equation of the locus is— 
r=a(sec 6+ tan 6) 


which is the equation of the logucyclic cubic, with vertex 
at the origin and A as the node. (§ 90) 


93. SYMMETRICAL CURIUS: 


A cubic curve has, in general, no symmetry like curves 
of the second order, but it can be projected in such a 
manner that the projection is always a symmetrical curve. 


Thus a nodal cubic can be projected into a Folium of 
Descartes, which is a curve symmetrical about a line. 
A cuspidal cubic can be projected into a semi-cubical 
parabola, and s0 on. 


THEOREM: Any cubic, other than a crunodal or cuspidal 
cubic, can be projected so as to have the symmetry of an equila- 
teral triangle * 


* Olifford, Coll. Works, p. 412. 


100 THEORY OF PLANE CURVES 


Since a non-singular cubic or an acnodal cubic has three 
collinear real inflexions and three real inflexional tangents, 
the equation of the curve may be written as— 

(le + my tne)? +6kiyz=0 


Now, project the curve so that the real inflexional line goes to 
infinity and the real triangle formed by the inflexional tan- 
gents is equilateral. Then, the equation of the projection is 


(ty +z)? +6hayz =0, 
wby+z=0 


being the line at infinity, and this shows that the curve is 
symmetrical about the triangle of reference. 


Ev 1. Shew how a cubic can be projected so as to become 
symmetrical about a line or a point. 


Ex. 2. Discuss the oase when the inflexional tangents are 
concurrent. 

Ex. 3. Any ciroular cubic can be inverted into a circular cubic 
symmetrical about a line. 


94. Tue TRISECTRIX OF MACLAURIN: 
The equation of the Trisectrix of Maclaurin is— 
ele? +y! )=aly? —3e*) (1) 


Therefore, the curve is a circular cubic, the origin being 


a uode. The nodal tangents are y+W3c=0, each 
making an angle of 60° with the real asymptote. The 
circular points are points of inflexion on the curve, 
For, any circular line is of the form— 


y= titth we (2) 
which intersects (1), where 
efo’ + (+t0+h)*} ea(tee+h)* —3e"} 
1.6., æ? ( 42ih +40) talh? + 21ah)~ah* =0 we (8) 
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Evidently one intersection is at infinity; a second will 
be at infinity, 


if +2h+4a=0, ie if. h=+2ia 


But then the co-efficient of x also vanishes. Hence the 
three points of intersection coincide at infinity, if h=+2ra. 


Thus the lines y=+7e2+2¢a are inflexional tangents 
to the curve, the points I and J being two imaginary points 
of inflexion. 


The line at infinity intersects the curve in one other 
point R, which must be a real point of inflexion. Writing 
the equation in the form— 


(4—a)(@? ty") tale’? +y?)—a(y? —3x?) =0 
or, (c—a)(.c? +y?) +4ax* =0 


it is seen that ¢=a is the tangent at the third inflexion R. 


Hence we may define the Trisectrix of Maclaurin as 
a nodal circular cubic which has two points of inflexion at the 
circular points. 


The equation of a circular cubic, having the node at the 
origin with the real asymptote parallel to the axis of y, 
becomes — 


elet ty’) ae? + 2hoy tby’ = (1) 


The constants a, h, b, are to be determined from the 
condition that the circular points will be points of inflexion 
on the curve, j.e., from the condition that any circular 
line meets (1) in three coincident points at infinity. 


These give h=0 and a+3b=0, 


Therefore, the equation (1) reduces to— 
a(e* +y!) =b(82" —y*). 
Putting —a for b, we obtain— 
a(a* +y*)=a(y* —32*) 
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Hence, every nodal cubic can be projected into a Trisectri i 


of Maclaurin, by projecting any two points of inflexion 
into the two circular points at infinity. 


95. GEOMETRICAL CONSTRUCTION 


The Trisectrix of Maclaurin may be geometrically 
constructed by the following method :— 


Let O be the centre of a circle and AOB a diameter. 
Through the middle point 
H of OA draw HC perpen- 
dicular to OA. Through 
A draw the line ACD cut- 
ting HC at C, and the 
circle at D. On DA pro- 
duced, take a point P, 
such that AP=CD. Then 
the locus of P is a Trisec- 
trix of Maclaurin. 





For, let A be the origin, and the co-ordinates of P be 
(x, y). Also let Z BAD=@ and AO=2a. 


Now, 
CD=AD—AC=2 AB cos 6@— AH sec 6=4a cos 0—a sec 6 


“.~—2=AP cos 6=CD cos 6 
=a(4 cos?6—1) 
and —y=AP sin 9=CD sin 6 
=a(4 cos*9@—1)tand ° 
whence eliminating 6, we obtain — 


«(x +y*)=a(y? —32") 


which is the Trisectrix of Maclaurin. 
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96. Tue Forom or DESCARTES : 
The equation of the curve is— 
£3 py? =3ary (1) 


There is symmetry about the line y =z, and the tangents 
at the origin are the axes of co-ordinates. 


The equation of the curve can be written as— 
x3 +y’ +32y(u+y)=3.y(4+y+2) 
or, (+y) =3ry(a+y +a) (2) 


which shows that the curve has three points of inflexion 
lying on the line #+y=0, and the inflexional tangents 


aro 
e=0, y=0, and «+y+a=—0. 


But z=0 and y=0 are the nodal tangents at the origin 
and cannot therefore be regarded as inflexional tangents. 


The real point of inflexion is given by— 
efy=0, xty+a=0, 


which meet at infinity. 


* The line wety+a=0 


is the real asymptote to the curve; in fact, it is an 
inflexional tangent, the point of contact lying at infinity. 


Again, the equation (1) can be written as— 
z? hws ys + 30ry(e-+ wy) =32y(wx+ wy +a) 
or (æ +y)! =32ry(wr+wty+a) 
where w is an imaginary cube root of unity. 


This shows, that wrz+w*y+a=0 is an inflexional 
tangent, the point of contact being at infinity. 
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Similarly, o*x+wy+a=0 is another inflexional tangent, 
whose point of contact also lies at infinity. Hence, all 
the three points of inflexion lie at infinity. 


The real asymptote is the line #+y+a=0, which 
evidently makes an angle of 45° with each of the axes, 
č.e. the nodal tangents. The form of the curve is almost 
similar to that of the logocyclic cubic and is shown in the 
accompanying figure. 


7 


SSO 


x ~ 
KA 


o 


Hence, the Folium of Descartes is a nodal cubic, whose 
three points of inflexion lie at infinity and the tangent at 
one of these points makes an angle of 45° with the nodal 
tangents. 

Thus, every nodal cubic can be projected into the Folium of 
Descartes. 

Let ABC be the inflexional line and let the tangent at 
the real inflexion cut the nodal tangents at P and Q, O 
being the node. Project the figure such that ABO goes 
off to infinity and the angles OPQ and OQP are projected 
each into an angle of 45°. Then the nodal tangents of the 
projected figure are mutually orthogonal and the points of 
inflexion are at infinity. 
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97. GEOMETRICAL CONSTRUCTION. 


If the axes be turned through an angle of 45°, the 
equation of the curve becomes— 


a(a* +34?) =a(2? —y*) (3) 


The form (3) suggests the following method of 
generating the curve geometrically. 


Let O be the centre of a circle, OA and OB being two 
perpendicular diameters. 
Draw ABC any line 
intersecting OB at B and 
the circle at C. On AB 
take a point Q, such 
that AQ=BC. Let P be 
the harmonic conjugate 
of Q with regard to A 
and B. Then the locus 
of P is a Folium of 
Descartes. 





Let OA =a, Z PAM m0, and P be the point (a, y). 


1 1 _ 2 4 
We have, -AP + AB AQ ( ) 
AB=asec6@ and AQ=AC—AB=2a cos 0—a sec 0, 


__ (2a cos 6—a sec 8) 
whence, AP= (3—2 cos® 0) 


E a cos 20 
~ cos (3—2 cos? 0) 


a cos 20 (5) 


. a @cos 26 6 
and y=PM=APSin 0= pysg tan8 e (6) 


14 
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Eliminating 6 between (5) and (6) we obtain— 
afg’? —y*) m2(a? +3y*) 


which is the Folium of Descartes. 


It is to be noticed that the loeus of Q is the logocyclic 
cubic ; for, if (x, y) be the co-ordinates of Q, 


a” —¥" =cos 29—AQ cos 9 cos 0 
zty’ a 





— L 
a 


g(a? +y) — [ [ 
which is the logocyclic cubic. 


98. Tae Cyssoip: 


The Cisscid is the inverse of a parabola with respect to 
its vertex. 


The inverse of the parabola y?=4az, with respect to its 
vertex, is— 


ka 
sle’ +y*)= a y’ 


t.e. a(a* +y*)=by*, where b=k*/4a. 
This curve is also the first positive pedal of-the parabola 
y’ +4b2=0 
with respect to its vertex. For, 
if æ cos w+-y sin w=p 
is a tangent to the parabola, we have— 
p cos w=b sin’ o. 


. The polar equation of the pedal is r cos0=b sin", 
which gives the Cartesian equation in the form— 
slæ’ +y*)=by*, 
which ‘is the Cissoid. 
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The origin is a cusp with y=0 as the cuspidal tangert, 

The Hessian is s«y*==0, which shows that s=0 and 
4=0 are inflexional tangents. But the origin being a cusp, 
it cannot be regarded as a point of inflexion. Hence, the 
only point of inflexion lies at infinity on the line 2=0. 
«23b is consequently an inflexional tangent cutting the 
cuspidal tangent at a right angle. 


Writing the equation in the homogeneous form— 


4(c—bz){y? + (a+ fbx)? } +5°(32+52)2*=0 


the real asymptote is found to be »=b, and the two imagi- 
nary asymptotes are given by— 


y’ +(2+3b)*=0 
ŭe., a pair of circular lines meeting at the point (—6/2, 0), 


Thus, the Cissoid is a cuspidal circular cubic, whose 
point of inflexion is at infinity, and the inflexional tangent 


is the real asymptote, making a right angle with the 
cuspidal tangent. 


Hence every cuspidal cubic can be projected into a 
Oissoid. 


Let OB be the cuspidal tangent at the cusp O and AB 
the inflexional tangent at A, Let OP and OQ, the harmonic 
conjugates of OA and OB, meet the curve at P andQ. 
Then A, P, Q are collinear. 


For, the two harmonic pencils O(APBQ) anè B(APOQ) 
have the self-corresponding ray OB.* 


Now, projecting P and Q into the two circular points 
at infinity, A will be projected into the point of inflexion 
at infinity, and the inflexional tangent will be at right 
angles to the cuspidal tangent. 


* Roye, Geometry of Position, & 86. 
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Ew. 1. Express the co-ordinates of any point on the Oissoid in 
terms of a single parameter. 


[æ=b/(1 +°), y=b/t(1+t?)] 

Ee, 2. Shew that the sum of the parameters of four concyclic 
points P,, P,,P,,P, on the Cissoid (cusp at O) is zero. 

Prove also the sum of the cotangents of the angles made by OP,, 
OP,, OP,, OP, with the cuspidal tangent is zero. 

Ex. 4. The chord PQ of the Cissoid «(#*?+y*?)=by? subtends 
a right angle at the cusp. Show that 

(i) The locus of the mid-point of PQ is a straight line. 


(ii) The locus of the intersection of the normals at P and Q is u 
straight line, while the locus of the intersection of the tangents at 
those points is a circle. 


Ho. 5. If the cusp be joined to three collinear points, the sum of 


the cotangents of the angles made by these lines with the cuspidel 
tangent is zero. 


99, GEOMETRICAL CONSTRUCTION : 


The Cissoid may be geometrically constructed as 
follows :— 


Let AB be the diameter of a circle AOB with AC, BD 
as the tangents at A and B 


D respectively. 
— o Let any line AO cut the circle 
at O, and the tangent RD at D. 
A B If a point P is taken upon AO, 


such that AP=OD, the locus of 
P will be a Cissoid. 


Let P be the point (v, y) referred to AB and AC as 
axes, and put AB=d and Z PAM=@. 


CIRCULAR CUBICS 109 


Then, AP=OD=AD—AO=b sec 6—b cos b. 
a= AP cos 0=b—b cos ? 6; 
And, y= AP sin 6=b tan 0—b sin 0 cos 9 
whence, eliminating 0, * obtain— 
e(a? +-y?)=by? 


which is the Cissoid.* 


100. Newrton’s METHOD : 


Newton has given the following elegant mechanical 
construction for this curve by continuous motion: 

A right angle has the arm BC of constant length b, 

the point C moves along 

a fixed line CD, while 

C the other arm AB passes 

through a fixed point A 


y at a distance equal to 
0 M K BC from CD. 
: D 
⸗ 


Then the locus of the 
middle point P of BC is 
A a Cissoid.t 


H 9 


Take the mid-point O of AD as origin, and 2 BAD=6. 
Then, :=OM=OD—MD. 
MD=0D—OM=}b—z. 


* The Cissdid was invented by the Greek Geometer Diocles in the 
sixth century, and is better known as the Cissoid of Diocles. He made 
use of this curve in the geometrical construction of two mean 
proportionals between two given lines, i.e., for solving the famous 
problem of the duplication of the cube. 


t Lardner’s Algebraic Geometry, pp. 196, 472. 
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But from the geometry of the configuration, we have— 


MD=PC sin 0=ibsin 0 
$b—v=4d sin 0 (1) 

Again, 4>=BP=HK=HM+MEK 
= (a+ zb) sin 6+y cos 0 (2) 


Eliminating 0 between (1) and (2), we obtain— 
(at +y? )=by* 
which is the Cissoid. 


Various properties of and the different methods of 
generating the Cissoid have been given by G. Loria in his 
Spezielle Alg. und Trans. ebene Kurve, Vol. I (1910), 
pp. 36-46, where a number of other references are also 
to be found. 


Ex. 1. O is the vertex and OP a radius vector of a parabola. If 
a point Q is taken on OP equal to the reciprocal of OP, prove that the 
locus of Q is a Cissoid. 


Ex. 2. A parabola passes through two fixed points P and Q, such 
that PQ is the normal at P. Shew that the locus of the focus is a 
Cissoid. 

Ew. 3 If a parabola roll on another equal parabola, the locus of 
the vertex will be a Oissoid. 


101. Tae CustcaL PARABOLA: 


The equation of a cubical parabola is zt=a*y. The 
origin is a point of inflexion with y=0 as the tangent. 
Since the equation is satisfied by 2°=0 and a’=0, 
the point at infinity on the line #=0 is a cusp, with the 
line at infinity as the cuspidal tangent, which is the real 


asymptote. 
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Hence, every cuspidal cubic can be projected into a cubical 
parabola; and this is done by projecting the cuspidal 
tangent to infinity. 


The tangential equation of the curve is 
datés +27 =0 


Hence the curve is its own reciprocal with respect to 
the point of inflexion. 


102. Tae SEMI-CUBICAL PARABOLA: 


The equation of the semi-cubical parabola is ay’ =.°, 


The origin is evidently a cusp, with y=0 as the cuspidal 
tangent. The directions of the asymptotes are given by 
æ=0 taken thrice. Therefore the line at infinity is an 
inflexiona) tangent, the point at infinity on the curve in the 
direction x=0 being a point of inflexion, Thans the line 
»=0 joining the cusp to the point of inflexion at infinity 
is perpendicular to the cuspidal tangent. 

Thus, a semi-cubical parabola is a cuspidal cubic, having 
the line at infinity for the inflexional tangent and the 
cuspidal tangent perpendicular to the line joining the cusp 
to the point of inflexion. 

Hence, every cuspidal cubic can be projected into a semi- 
cubical parabola, by projecting the inflexional tangent to 
infinity and at the same time projecting the angle between 
the cuspidal tangent and the line joining the cusp to the 
point of inflexion into a right angle. 

The tangential equation of the curve is 4a€*=27»? 


Hence, the curve is its own reciprocal w.r,¢. the cusp. 


Ee. 1. The semi-cubical parabola is the evolute of a parabola. 


Ee. 2. Shew that the reciprocal polar of a semi-oubical parabola 
wrt. the focus of the parabola, of which it is the evolute, is the 
Cissoid. 
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103, Focr or Circutar Cusics: 


Foci of circular cubics will be studied in connection 
with those of bicircular quartics. For the present, we 
notice that a nodal cubic is of class four, and circular 
cubics pass through the two circular points at infinity, 
Therefore, only two tangents can be drawn from each 
circular point to the curve and consequently the number 
of real single foci is two. The tangents at the circular 
points intersect at a singular focus. The tangent at I 
intersects the two tangents from J in two points, which 
are also real single (or double imaginary) foci. Similarly, 
the points where the tangent at J intersects the two 
tangents from I are real single foci. Thus the real single 
foci are four in number and real singular focus is one. 

In cuspidal circular cubics, the class is three and the 
cusp replacing the node, the number of real single foci is 
the same as ina nodal circular cubic. We shall study this 
more fully in a subsequent chapter. 


OHAPTER V 


INVARIANTS AND COVARIANTS OF Cunic CURVES 


104. We shall write the general equation in three 
variables of a cubic in the following form :— 


U =ar 4 by? +025 +3fy?z+3gz°æ+3hæ’*y 
+ 3iyz? + 3jze? + 3kry? +6mryz=0 (1) 


We have shown (§ 37) that the equation of all cubics 
can be reduced to the semi-canonised form— 


ag? + by? + cz +-6m'xyz=0 (2) 
and also to the fully canonised form— 
z3 +y’ +25 + 6mzryz=0 (3) 


The form (3) shows that the cubic cannot have more 
than two independent invariants: for if it had one more, 
it would have two absolute invariants,* which are 
functions of the co-efficients and consequently functions 
of m only. Elimination of m between them would lead to 
a relation involving only the co-efficients in the general 
equation, which is impossible, since the co-efficients in (1) 
are all independent. 


The two independent invariants of a cubic are of degrees 
four and sis respectively, and are denoted by S and T. 
All other invariants can be expressed in terms of these 
two only. 


* E, B. Elliof—Algebra of Quantics, § 29. For a general disoussion 
of the theory and of the different methods of finding the invariants 
of a cubic, students are referred to Elliot’s Algebra of Quantica, 
Chap. XVI, and to Oayley’s Third Memoir upon Quantics (1856). 
See also Aronhold—Orelle, Bd. 55 (1858) and Clebsch-Gordan—Math, 
Ann. Bd. I & VI, 
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105. Tas Invariant S: 


It is shown in works on Algebra* that if in the contra- 
variant (A, »,v) of a quantic U, symbols of differen- 
tiation with respect to the variables are substituted for 
A, m, v respectively, and the new function 


TER Š.» S, 


operates upon the given quantic U, the result will be an 
invariant of U (Sylvester). 


The Cayleyan is a contravariant of the cubic, and 
expresses the condition that the line— 


Att py +vz=0 


shall be cut in involution (§ 60) by the system of polar 
conics 


Writing the equation of the Cayleyan in the form tT— 


H(A, m, v) = AAS + Bp? + Ors +3F p’ v4 3GA +3 HN p 


+ 31v9n4+3IrA* +3 KAp* +6MApy=0 (4) 
and putting 
6 ð 3 
On’ Oy’ & 


for À, m, v respectively, and operating on the general cubic 
(1), we obtain an invariant S of the fourthedegree in the 
co-efficients. 


* Salmon—Higher Algebra, § 139. 


t The co-efficients are given in Salmon’s H. P. Curves, § 219 and 
can be caloulated by the method of § 388(a), Conic Sections, 
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Thus, S=¢ (2 è By x 2 ) U 
= (ag—j* )f *—(ac—gj kf + (G—g? Jk" +ch" f 
—hm(3fg + ck) + (hi +2m°)(jf+gk) 
—mi(af+3jk)+7%ak 
— b{h(oj—g*)—m(uc— gj) +2(ag—j*)} 
—(hi—m?)*. 
The calculation of the co-efficients and the invariant 


becomes much simplitied, if we use the canonical form (3) 
of the equation. 


The Cayleyan of (3) is, as we have obtained in §60, 
C= m(A$ +p) +73) + (1—4m5 )Auy=0. 


The invariant S of the canonical form is given by— 
S= >) — ) ð y} 
[™ {( ð e ( oy , ( Oz 
— 3 ð Ce) fa] 3 .3 
(4n ( S X5 5e +y? +:° +6m1yz) 


=18m-+(1—4m)6m 

=24m(1—m*) 

Thus, the value of S for the canonical form, removing 
a numerical factor is m(l—m'); and this is equal to the 


invariant S of the untransformed cubic (1), multiplied by 
the fourth power of the modulus of transformation. 


Hence it follows that if S=0, we have m= 0, and 
the equation of the cubic reduces to— 
zè y5+25=0 

Thus, the condition that the equation of a cubic may be er- 


pressed as the sum of three cubes, and consequently tts Hessian 
may reduce to three right lines is that the invariant S vanishes.* 


* Aronhold—Orelle, Bd. 39 (1850), p. 153. 
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106. Tue Invariant T: 
It is proved in works on Algebra that, if 
Usiac®+byi+...and V=az tby toz! +... 


are any two quantics of the same order, and I is any 
invariant of U, then 


(«8+08+.)! 


is an invariant of U and V,* which is again an invariant 
of U, if V is a covariant of U. 


Now, the Hessian of a cubic is a cubic-covariant. 
Hence, any invariant of the cubic and its Hessian is an 
invariant of the cubic itself. 

If the Hessian of the general cubic (1) be written in 
the form— 


a'z? +b'y? 4c? +3f'y2z+3q'c 2 e+ 3h ery +32 yc? 


+-3)'cx* +3k' cy? +6m’ayz =0 we (5) 
, ð 1 9 Oo 
Then, (e Ete Std e+. )s8 


is an invariant of the cubic. 


The calculation becomes much simplified for the 
canonical form of the cubic. 


The Hessian of the semi-canonised cubic— 
a'e? + b'y? 4 e'z? +6m' eyz=0 
is — m (a's? +b'y® tez?) + (a'b'd +H 2m 3 )aYyz=0, 


and the invariant is 
S=m' (a'b'e'—m':) 


* Elliot—loc. cit., § 19. 
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Hence, operating with 


ð 1 O 1 Ô 
m (aa tha +S) 


E, 
teleb + 2m) -Tr 


on S, and multiplying the result by 6, we obtain— 
T=(a'b'c’)* —20m’3(a’b'c!) ~8m's. 


Hence, by putting a’=b'=c’=1 and m’=m, we 
obtain, for the canonical form (3),— 


T = 1 — 20m? —8m*. 


This is then the invariant T* of the original cubic 
multiplied by the sixth power of the modulus of transfor- 
mation. Since the Hessian belongs to the syzygetic 
family of cubics, the second Hessian also belongs to the 
same family and its expression is found to be— 


4S: U +TH=0. 
Hence, when T=0, the cubic becomes harmonic and the 
second Hessian coincides with the original cubic. 


It will be seen that the anharmonic ratio of the cubic 
is connected with the invariants S and T (or the absolute 
invariant S°/T*) by the equation 


Be (l—o+o*)5 


Te aa) (e $53.) 


* The actual expression is given in Salmon’s H. P, Curves, § 221. 
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107. Tue Discriminant: 


Since a cubic has only two independent invariants S and 
T, all other invariants can be expressed as rational and 
integral functions of these two.* 


Thus the discriminant of the ternary cubic is— 
A=T* +6485, 
Suppose the cubic has a double point at the origin or- 
at the third vertex C. Then the co-efficients of 25 and 2? 


in equation (1) must be zero. Therefore, c=g=i=0, and 
the invariant S reduces to— 


Qm* fj —m* —f2j°, 
i.e., to —(fj—m*)*, 
Also, T becomes — 
8( $27? — 3m* fj? +3m* fj —m* ) 
T.e., T=8( fj—m? )® 
T? +6455 =A =0. 


Thus, when the cubic has a double point, the discri- 


minant— 
T? +648: =0, 


For the canonical form, we have— 


=—m—m* and T=1—20m>—8m°*. 
T? +6455 =(1—20m? —8m*)* + 64(m—m*)® 
=(14+8m5)?, 
which is the discriminant. 


For the nodal cubic— 
a> +y? +6maryz=0, e 


we get S=—m* and T=—8m* 
Ts 6488 is identically zero, as it should be. 


* Elliot—loc, cit., § 295. 
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Jf the curve has a cusp with y=0 as the tangent, 
we must have further m=0 and j=0, which give 
S=0, T=0. Hence the condition, both necessary and 
sufficient, that the cubic has a cusp, is that both S and T 
vanish, 


Exs. 1. Shew that the cross-ratio of the pencil of four tangents is 
-given by the equation 


T? (a? —o +1)? +1683(o +1)*(0 +2)2(20—1)2=0. (cf. § 53). 


Ez, 2. Show that the invariant S vanishes for all equianharmonic 
cubics and T vanishes for all harmonic cubics, 


Ew. 3. The Hessian of all equianharmonic cubics reduces to three 
right lines. 


Ew. 4. Shew that if S=0, the Cayleyan reduces to the double 


points of the Hessian. 


Ex. 5. Find the invariant S of the cubic 
aa(y* =z") + by(z*—2*) + ez(a" 4?) =0 


(b2c2+c%a? +a?b? —at —bt —ct] 


108. Tae Sextic COVARIANT OF CoBIcs: 


Since the equation of a cubic contains ten co-efficients 
and three variables, altogether making up thirteen, and 
the general scheme of linear transformation contains 
nine constants, it follows that the number of independent 
covariants and invariants must be four. We have already 
obtained the two invariants S and T, and one covariant— 
the Hessian. Therefore, there must be one other indepen- 
dent covariant of the cubic. 


Again, g covariant of a cubic must be of degree 3, or a 
multiple thereof, and also a covariant of the canonical form 
is a linear function of a*+y%+25 and gyz, and conse- 
quently of f and H. Therefore, the cubic cannot have 
any other covariant of degree 3 besides the Hessian, 
Hence the next covariant must be of degree 6. 
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Prof. Salmon has given the following sextic covariant * 


of a cubic :-— 


If as’ + by® +e? +.,.=0 
and a's? +b'y* te'z? +... =0 


be the polar conics of a point (.’, y’, 2’) with regard to 
the cubic and its Hessian respectively, then the F-conict of 
these two is— 


(BC’ + B/C ~—2FE"’)zx? — ...=0 
and is a covariant of the two conics. If it passes through 
the point (a, y’', 2’), the locus of (.’, y’, 2’) is a covariant 


of the cubic, which is of degree six in the variables and of 
eight in the co-efficients. 


Thas, the locus of a point such that the F-conic of its polar 
conics with respect to the cubic and its Hessian passes through 
the point is a sextic covariant of the cubic. 


The actual expression of this covariant for the general 
equation has not been calculated, but the expression assumes 
a simple form for the canonical equation : 


The polar conic of a point (#,y’, z’) with regard to 
the cubic is— 


æ' (x? +2myz) +! (y? + Amz) +2'(2* + 2mxry) =0 (1) 
and that with regard to the Hessian is— 
Bm? (a'2* +y’y* +z?) 
— (142m) (2'yz+y'ext+z'cy) =0 we (2) 


* Salmon—H. P. Curves, § 281. 
+ Salmon—Oonio Sections, § 378, 
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From the condition that the F-conic of (1) and (2) 
passes through the point (2’, 9’, z'), we obtain the locus 
of (x, y', 2) as a sextic curve ©, which ‘is the second 
fundamental covariant of the cubic given by— 


@=3m'* (1+ 2m? )(25 +y* +25)* 
—m(1—20m* —8m" ) (x° +y* +2° jays 
—3m*(1—20m3 —8m?)a*y*2? 
— (1+8m*)*(y52° +2828 + 2%y*) 


109. OTHER CovARIANTS: 


There are two other covariants of the sixth order of a 
cubic, any one of which could, with equal justice, be 
selected as the fundamental sextic covariant. In fact, any 
one of these being selected as the fundamental covariant, 
the other two are expressible in terms of this. Dr. Salmon 
has taken © as the fundamental covariant, while Prof. Elliot 
takes 


¢=—(0+30SH) 


as the fundamental one. 


The other two sextic covariants may be defined as 
follow :— 


(1) The locus of a point, whose polar line with regard 
to the Hessian touches the polar conic of the same point with 
regard to the cubic, ts a covariant of the cubic. 


This covariant is found to be*— 


—4(0+3SUH), 


* Of. Salmon's Conies, § 381, Ka, 1 
16 
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= (2) The locus of a potnt whose polar line with respect 
ta the cubic touches the polar conic of the same potnt with 
respect to the Hessian is a sextic covariant of the cubic. 


This, is found to be 
— (TU: —12SUH +46) 


Thus we see that there are three fundamental covariants 
of a cubic—namely, H, ©, and the cubic U itself. Al other 
covariants are expressible in terms of these three. 

There is another irreducible covariant of a cubic which 
was obtained by Brioschi. This covariant for the semi- 
canonised form is— 


(abe+ 8m?) (by —cg?)(cz*—av? ) (az? —by?). 


110. CONTRAVARIANTS oF Conrics: * 


All contravariants of a cubic can be expressed in 
terms of three fundamental contravariants. These are 
the Evectants of S and T, and the reciprocal of the cubic, 
the two evectants being denoted by P and Q respectively, 
and the reciprocal by F. 


Now, the first evectant of S for the semi-canonical 
form is— 


P'=( StS bys 24 py a ) S. 


Thus, 
=m(beà? + cap? + abv?) + (abc—4m? )Apv. 


For the fully canonised form this ,contravariant 
becomes— 


P=m(A! +p? +>) + (1—4m' )Apv=0 (1) 


* Cayley, Phil Trans, Vol. 147 (1857), p, 415, 
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which is the Cayleyan (Pippian) of the cubic, as we have 
already shown. 
The evectant of T for the semi-canonised form is— 


A — ——— ys ð +Apy — £) T 


=(abe—10m*)(bcA$ + cap? +abv*) 
— m? (30abe + 24m )Apy 
which, for the canonical form, becomes *— 
Q=(1—10m*)(A° +p° +v°)— m" (30+24m")àuv (2) 


The third contravariant F is the reciprocal of the given 
cubic. Geometrically its vanishing is the condition that 
the line 


àrt uytyz=0 


touches the curve, j.e, F=0 is the tangential equation of 
the cubic. 


For the semi-canonical form it is given by— 
FP’ =b*c®AS $ cta’ pue +a? b*v° 
—(2abe+ 32m?) (ap sv brà’ cà?’ 5 ) 
—24m*Apv(ber$ -+ cap’? + aby® ) 
—24m(abc+2m)A3 pty? ; 


* This is called by Prof. Oayley the Quippian of the cubic. No 
satisfactory gegmetrical interpretation has been given to this contra- 
variant. One, however, has been given by Cayley—in his “ A Memoir 
on the Curves of the Third Order”—Coll. Papers, Vol. II, p. 396. 
For a detailed discussion of the theory of invariants and covariants 
of ternary forms and their applications, the student is referred to 
Aronhold's Memoirs in Crelle Bd, 39 (1850), p. 140, and Bd. 55 (1858), 
p. 97, and to Clebsch, Math. Ann., Bd. 1 (1869), p. 56. 
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and for the canonical form by 
Fed? + po +o —(24+32m!*) (Pv? trt AS’) 
— 24m *Apr(AS + p? trt )—24m(1 42m) uv? ... (3) 


There is another irreducible contravariant, which is not 
a rational and integral function of these three, This was 
discovered by Hermite. For the semi-canonical form it is— 


(abet 8m?) (cu? —bv*)(av§ —crX®) (DAS —ap*) ; 
and for the canonical form it becomes— 


(148m?)® (yu? —v?)(v8 —A4)(A2—p!) 


CHAPTER VI 


QUARTIC Curvrs—-GENERAL PROPERTIES 


111. Tue Generar Equation or Quartic Curves: 


The most general equation of a curve of the fourth order 
in two variables can be written in the form— 


act + Abas y + 6cn2y? + 4dzry> +ey* + fe? +3274 
+3hry? +2y? +l? +2msry tny’ +pcet-qy+r=0 =... (1) 
or in the symbolic form— 
Ug FUs tu, tu, +u,=0 (2) 


The general equation therefore contains 14 disposable 
constants, so that the curve can be made to pass through 
14 points chosen arbitrarily, or in other words, 14 points, in 
general, determine a curve of the fourth order uniquely. 


112. Homogeneous Forms: 


The equation of a quartic in three variables passing 
through the vertex A of the fundamental triangle can be 
put into the form— 


wu, Heu, Fu, Hu, =0 wv. (3) 


where u,=0 is the tangent at A, 


If A is a double point on the curve, the equation takes 
the form— 


g'u, Hru, +u, =0 we (4) 


where «,=0 represents the two tangents at the double 
point. 
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If A is a point of inflexion on the curve, u, must contain 
u, as a factor, and the equation of the quartic with A as a 
point of inflexion becomes— 


ug? u,v e*+u,etu, =0 (5) 


Similarly, the equation of a quartic passing through the 
three vertices of the fundamental triangle assumes the form— 


z (ly +z) +y’ (Ue m's) +23 (e+ m’y) 
+ay?’z? bz? xt +002 y? + 2ry2( fet gy +hz) =0 (6) 


If the vertices are double points on the curve, the 
co-efficients of æ’, y’, z° should be absent from the 
equation, and consequently the equation of a trinodal 
quartic with nodes at A, B, C can be writter as— 


ay?z? + beta? +cx2y* + 2ryz( fe-+gy +hz)=0 


ie., Z4 2 + — 4 7F 429 4 2% 0 (7) 
a Yy z yz 


2a xy 


113. CLASSIFICATION oF Quartic CURVES: 


The most important question which has been solved in 
different ways by different geometers is the classification 
of quartic curves. During the first half of the eighteenth 
century, this was regarded as a very complicated problem by 
many workers on geometry. In two long papers* Abbot 
Bragelogne gave a method, based on the fact that the 
Cartesian equation of a quartic can be put into canonical 
forms; but his work does not throw much light upon the 
subject, After Bragelogne, different workers have given 
different classifications based on different principles. In 
fact, there are so many important factors to bè taken into 
account, that an exhaustive list seemed impracticable. 


* Bxameu des lignes du quartiéme ordre ou courbes du troisiéme 
genre—Mém, Acad. Sciences, Paris (1730). Also Note sur les lignes du 
quartfeme ordre (ibid). 
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114. CLASSIFICATION BASED ON THE NATURE OF THE POINTS 
AT INFINITY. 


One method of classifying quartic curves, based on the 
nature of the curve at infinity and its behaviour with the 
line at infinity, was, however, given by Euler,* Cramer,t 
and Pliicker.t Pliicker thus gave 152 forms and for each 
he gave one canonical form of equation, 


Accordingly, quartic curves were divided into the nine 
following classes, according to the nature of the four points 
at infinity on the curve :— 


(1) All four imaginary in conjugate pairs; (2) Two 
real and distinct, and two conjugate imaginaries ; 
(3) Four real and distinct; (4) Two conjugate 
imaginary and two real and coincident; (5) Two real 
and distinct, and two real and coincident; (6) Two 
real double points; (7) Two conjugate imaginary 
double points ; (8) One single and one triple point; (9) A 
quadruple point. 

Each of these classes has again to be subdivided into 
many other forms, according as the line at infinity, when 
meeting the curve in two coincident points, is simply a 
tangent or a line passing through a double point, and this 
double point may again be of various kinds. Again, 
the line at infinity may be an ordinary stationary tangent 
or a tangent ata point of undulation, or may pass through 
a triple point ; or avy ordinary intersection may be a point 
of inflexion or undulation on the curve, in each of these 
cases, there will be a difference in the figure. Existence at 
infinity of these higher singularities possible for a quartic 
curve must be considered in a complete classification of 
quartics, 


* Euler, Introd. in analysin infinitorum II, Lausannae 1748. 
t Oramer, Introd. à analyse des lignes courbes, Geneve (1750), 
t Pliicker Theorie der algebraischen Kurven, Bonn, 1839, 
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115. ZEUTHEN’s CLASSIFICATION.* 


Zeuthen takes as the basis of his classification of quartic 
curves the real bitangents of the curve and gives a complete 
list of the possible forms of non-singular quartics. He begins 
with the remark that the branches of a curve are of two 
kinds—odd and even, and a quartic can have only even 
circuits (ovals), and since the number of circuits can exceed 
the deficiency only by 1, a quartic can have 1, 2, 3 or 4 ovals. 
Zeuthen thus divides the bitangents into two classes—(1) 
the first kind, if its po nts of contact are conjugate imaginary 
or lie on the same real branch of the curve; (2) second 
kind, if it touches two different branches. There are 
always four bitang nts of the first kind, but the number 
of those of the second kind is 0, 4,12 or 24. Hence 
follows that there are 8 real puints of inflexion. Zeuthen 
calls the branch having no real bitangent or inflexion an 
oval, a branch with 1, 2, 3, or 4 real bitangents,—a 
unifolium, a bifolium, a trifolium or a quadrifolium. 


Zeuthen first shows that a conic can be described 
through the points of contact of four bitangents and 
puts the equation of a quartic into the form sryzu=V*, 
where 2,4y,z,% are the bitangents and V is the conic 
through their points of contact. He analyses the possible 
forms of quartics by discussing the different positions 
of int.: “ctions of the four lines with the conic with 
respect to. e quadrilateral formed by them. Thus, when 
the conic V meets all the lines in real points, Zeuthen 
divides the quartics into nine groups and thirty-six 
species in all, all other possible cases being easily deducible 
from these. 


* H. G. Zeuthen—“Sur les différentes formes des courbes planes 
du quatrième ordre.—Math. Ann., Bd. 7, p. 411. (1874). 
Klein, investigated the real branches of a curve by considering 


the Riemann surface belonging to the curve and the corresponding 
Abels Integral. See Math. Ana., Bd. 10(1876) and Bd. 11(1876). 
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116. CLASSIFICATION BASED ON DEFICIENCY: 


One of the most important classifications of quartics, 
however, is based on deficiency; and they can, therefore, 
be grouped in four broad divisions, according as the defi- 
ciency is 3,2, 1 or0. The first group contains no singular 
poiuts, the second contains one double point (a node 
or a cusp), the third contains two double points and 
the last has three double points. The following table 
shows the ten different species, with their corresponding 
Pliicker’s numbers, into which the quartic curves can be 
divided :— 








Def. | Class | Nodes} Cusps | Bitang. |Pts. of inflexion| Degree 























p= ma $= k= q= t= =4 
3 | 12 0 o | 28 24 4 I 
2 | 10 1 | 0 16 18 4 II 
lack 6 : 1 10 6 > 4 |m 
1! 8 2 0 8 12 | 4 IV 
| | 
1 | 7 1 | 1 4 | 10 | 4 v 
| ( 
i | l 2 8 
6 0 | 1 | 4 VI 
Oo | 6 3 | 0 4 6 | 4 VII 
l | 
oj 65 2 | I 2 4 | 4 įv 
0 | 4' ıı! 2 1 | 2 | 4 | ix 
0} 3] o| 8 | 1 | 0 a | X 
| ‘ 


From the above table it is seen that in each of the 
last four cases the curve is unicursal. In species IX, the 
curve is also of the fourth class. In this case, therefore, 
properties of one quartic can be obtained from another 
by reciprocation. In the last case, a tri-cuspidal quartic 
is of the third class and therefore its properties can be 
deduced from those of a nodal cubic by reciprocation, 


17 
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117. GENERATION OF QUARTIC CURVES : 


Just as a curve of order r+s may be generated by 
means of two projective pencils of curves of orders r and s, 
a quartic curve may be generated by means of two projec- 
tive pencils of conics or a pencil of cubics and a pencil of 
lines projectively related to it. 

A second mode of generation of a quartic by means 
of a conic and a cubic has also been given.* In this 
method a quartic is the geometrical locus of the poles of 
the tangents of the conic with respect to the cubic. A 
third method is based on the theory of bitangents, which 
we shall discuss in a subsequent section. Construction of 


a quartic through 14 given points has been given by a 
number of workers.t 


118. GENERATION BY TWO PROJECTIVE PENCILS OF CONICS: 
Let the two pencils of conics be defined by— 
P+AQ=0 (1) 
and P’+p2Q’=0 (2) 
respectively. 


where A and pu are parameters; and P,Q; P^% Q’ are 
the pairs of base-conics of the two pencils. 

If the two pencils are homographic, z.e., if there is a 
(1, 1) correspondence between the members of the pencils, 
Aand pu must be connected by the homographic relation of 
the form 


AAp+ BA+ Cu+D=0 (3) 


# Gerbaldi—Rend. Cire. Mat., Vol. 7, p. 178 (1803). 


+ Grassmann—Orelle, Bd. 44, p. 1 (1852), Ohasles—Oomp. rend., 
Vol. 37, p» 372 (1853), Jonqniéres—Journal de Math., Vol. 1 (2), 
p. 411 (1856). 
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If, therefore, we eliminate À and u between (1), (2) and 
(3), we obtain— 


PP’ P P’ 
À. nn — B, ee — oes +D=0, 
QQ Q Q 


ve APP’—BPQ’—CP’'Q+DQQ’=0 (4) 


which, therefore, represents the locus of intersections of 
the corresponding members of two homographic pencils. 
The equation (4) is of the fourth degree, and therefore 
represents a quartic curve. 


From the form of the equation it follows that, this 
curve passes through the four base-points of intersection 
of P and Q, as also through the four base-points of inter- 
section of P’ and Q’. Thus the above quartic curve passes 
through the eight given fixed points. 

Again, the anharmonic ratio of a pencil of lines, which 
join fonr fixed points on a conic to a variable point, is 
constant and is a function of the mutual distances of the 
four points and the constants in the equation of the conic.* 
It follows, therefore, that in a pencil of conics P-+-AQ, 
passing through four fixed points, each individual member 
is characterised by a definite value of this anharmonic 
ratio o, which is a linear function of the parameter À. For 
any particular member we have, therefore, o=kA, where 
the value of k depends upon the position of the four base- 
points. Similarly, for the conics of the second pencil 
P’-+Q', we have o’=k’p, where the value of k' depends 
upon the four fixed base-points. 


Since the two pencils are homographic, from the relation 


~ AAp+ BA+Cp+D=0 


we obtain ; 
oo 


` kk 
1.€., Aoco'+ Bho + Cho' + Dkk =0. 


T a’ 
+B 7 +C pt D=0, 


* Salmon—Oonic Sections, § 259. 
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Hence, since k and k' depend upon the base-points and are 
consequently constants, the above relation may be written as 
aco’ +ba+co' +d=0 (5) 
Thus, if T is a point of intersection of two corresponding 
members of the two pencils, whose base-points are P,, Q,, 
R,, S, and P,, Q, R,, S, respectively, then the 
anharmonic ratios of the two pencils T(P, Q, R, S,) and 
T(P, Q, R, S,) are connected by the relation (5), and the 
locus of T is a quartic curve through these base-points. 


Therefore, we may define a quartic curve as follows :-— 


The locus of a point T, such that the cross-ratios 
of the pencils T(P, Q, R, S,) and T(P, Q, R,S,) are 
connected by a homographic relation, is a quartic curve 
through the eight fixed points. 


Now, the points T,P,,Q,,R,,S8, lie on the quartic. 
Therefore, the conic through these five points intersect 
the quartic in three other points U, V, W, which are also 
points on the corresponding member of the second pencil. 
The three points U, V, W possess properties analogous to 
those of T, Thus the two corresponding conics through 
P., Q,, Ri, S, and P,, Q,,R,,S, meet the quartic in four 
common points T, U, V, W. Hence, the latter group of 
points is residual to each of the given base-groups. 
Therefore, the two groups of base-points are co-residual 
groups on the quartic. 


119. From what has been said, it follows that the two 
groups of base-points are not independent, but are co- 
residual groups. Hence, in constructing the quartic we 
proceed as follows :— 


Take P., Q., Ri, S, any four arbitrary points on the 
quartic. Through these four points describe a conic, 
intersecting the quartic in four other points T, U, V, W. 
Through these latter points and an assumed point P,, 
describe another conic, which will intersect the quartic in 
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three other points Q,,R,,S,. Thus the group P, Q, R, S, 
is co-residual to P,Q, R, 8,, and they may be taken as 
the base-points. 


Next consider the case when the base-point P, coincides 
with P,. Then, two corresponding members of the pencils 
always intersect at the point P (P,), and consequently in 
three other points only. The tangents at P, (P,) to the 
corresponding conics form two homographic pencils of lines, 
and therefore they have two self-corresponding rays,* 
Thus there are two pairs of corresponding conics which 
have a common tangent at P,(P,). Now, since the inter- 
sections of two corresponding conics lie on the quartic, 
therefore the common tangent to a pair of corresponding 
conics is also a tangent to the quartic at P, (P,). Hence 
the quartic has two tangents at the point P, (P,) which, 
therefore, is a double point on the curve, Similarly, it can 
be shown that if Q, and Q, coincide, Q, (Q,) is a double 
point on the curve, If further R, (R,) coincide, it is also 
a double point, 


Hence a trinodal quartic may be defined as follows .— 


The locus of intersection of two homographic pencils of 
conics, which have three fixed base-points common, is a 
quartic having double points at the three common points. 


120. COMPLEX SINGULARITIES: 


We have seen that quartics can be divided into ten 
species, according to the nature and number of double 
points they possess, But there are other special forms, 
which possess complex singularities, arising from the union 
of two or more of the ordinary singularities, 


(1) A T&cNopE: ‘Two nodes may coincide as consecutive 
points on a curve, giving rise to the singularity called a 
tacnode, The tangent at a tacnode has a contact of the 
third order with the curve and therefore cannot meet the 


* Scott—Modern Analytical Geometry, § 164, 
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curve in any other point, In fact, two branches of the 
curve have simple contact at a tacnode. The tacnodal 
tangent counts as two bi-tangents. 


The general equation of a quartic having a tacnode at 
the origin, with the axis of s as the tacnodal tangent, can 
be written as 


y’ + be? y + cay? +dy* tert + fary 
+ge’y’? +hry® iyt = (1) 
For, the shape of the curve near the origin is given by — 


y* +br’y -Hert =0 
or, 


a { ~b+ vb? —4e 
SR ( — ) 


i.e, yod:*, and y=pæ’*, where A and m are the roots of 
p°? +bp+e=0 we (2) 


Hence, there are two branches of the curve whose forms 
near the origin are the same as those of the parabolas 
y=)Az*, and y=pz*, and consequently the two branches 
touch each other at the origin, which is therefore a tacnode, 
with y=0 as the tacnodal tangent, 

(2) A RaampHorp cusp: This is formed by the coinci- 
dence of an ordinary cusp and anode. This has been called 
so, from fancied resemblance to the form of a beak. The 
tangent at such a point counts once as a double tangent and 
once as a stationary tangent. 

The general equation of a quartic having a rhamphoid 
cusp at the origin is— 


(y—Az*)* tory? +dy* +fcrytgety® they? +2y*=0... (3) 


This is a particular case of (1), when the roots of the 
equation (2) are equal, i.e, when A=p. 
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The shape of the curve near the origin is given by— 
ysdo+he? or (y—Ax*)*—k¥a° =0. 


(3) An Oscnope: This is formed by the union of three 
nodes as consecutive points on the curve, and is called an 
oscnode, At an oscnode two branches of the curve have a 
three-pointic contact. 


The general equation of a curve having an oscnode at 
the origin is— 


(y—Axv*)* + cxy(y—Axr*)+dy® 
+guty? + hay? +iyt= (4) 


The forms of the two branches of the curve near the origin 
are given by — 


VSApꝰ +k, 2* and y=Ac*+hk,2°, 
where k, and k, are the roots of — 
k* -cAk+A* (dd-+g) =0. 


These show that the two branches cross as well as touch 
each other at the origin. The oscnodal tangent counts as 
three bi-tangents, as there is only one other ordinary 
bi-tangeut. 


(4) A Tacnope-cusp: It is formed by the union of two 
nodes and a cusp, or a tacnode and a cusp, as consecutive 
points on a curve. The general equation of a curve having 
a tacnode-cusp at the origin is of the form— 


(y—Az? —cey—dy* )*=Ary® + By*. 


5) A Tripce point: Three double. points may coincide at 
a point giving rise to a triple point. The general equation 
of a quartic having a triple point at the origin is of the 
form u,+u,=0, the three tangents at the origin being 
given by u,=0. This is a cubic in y/r. Four distinct 
cases are to be considered according as the tangents are 
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(č) all real and distinct, (77) one real and distinct and 
two real and coincident, (777) all real and coincident, 
(tv) one real and two imaginary. Hence there are four 
species of triple points, 

(6) A Frecnope anD a Birurcnope: A node may be a 
point of inflexion on one or both branches of the curve 
passing through it. The two cases are distinguished as 
follow :— 


(a) A FLECNODE: It is a node, which is a point of 
inflexion on one branch cf the curve, and consequently, 
one of the tangents at which is a stationary tangent, Such 
a point may be considered as arising from the union of an 
ordinary node with a point of inflexion. Every flecnodal 
tangent has a four-pointic contact with the curve, since 
it has a three-pointic contact with the branch it touches and 
cuts the other branch. The equation of a quartic having a 
flecnode at the origin is— 


u,v, u,v, +4, =0, 
where Uas Vis Vas Uy 


are expressions in 2 and y. u,=0 is the equation of the 
flecnodal tangent. The reciprocal polar of a flecnode is a 
double tangent, which has a simple contact at one point 
with the reciprocal curve and touches it at a cusp at the 
other. 


(b) A BirLECNODE: It is a node at which both the 
tangents are stationary tangents. Such a point may 
be regarded as arising from the union of two points 
of inflexion with a node. A biflecnode has properties 
analogous to those of points of inflexion on a cubic. The 
general equation of a quartic having a biflécnode at the 
origin is— 

Ueto v +u, =0. 
The reciprocal polar of a biflecnode is a pair of cusps having 
a common cuspidal tangent. 
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(7) Unputation: There is another kind of singular 
points ‘which a quartic curve can possess. A line may meet 
a quartic in four points, and when they are consecutive 
points on the curve, it is called a point of undulation. 


A point of undulation is defined as a point where the 
tangent has a contact of the third order with the curve. 


In fact, as we shall see later on, a point of undulation 
is formed by the union of two points of inflexion as conse- 
cutive points on acurve. The tangent at such a point is 
equivalent to two inflexional tangents and one ordinary 
double tangent. It will be shown in § 135, that the 
equation of a quartic can be put into the form aByd=S?, 
where a, £, y, ò touch the quartic at the two points where 
each intersects the conic S. If now a, ĝ, y, d are tangents 
to S, then a, 8, y, ô are each a tangent to the quartic which 
has a contact of the third order, č.e., these points of contact 
will be points of undulation. Thus a quartic has only four 
real points of undulation. 


121. When a, $, y, 8 are tangents at points of 
undulation on a quartic, the conic S is inscribed in the 
quadrilateral. Four triangles can be formed by taking 
any three of these four tangents, and any of these triangles 
can be taken as the triangle of reference, of which S is the 
inscribed conic. But it is proved in Conics* that the 
three lines joining the vertices of any triangle circum- 
scribing a conic to the points of contact of the opposite sides 
meet in a point. Hence we obtain the theorem :— 


If a trbangle is formed by the tangents at any three real 
points of undulation, the lines joining the vertices of the 
triangle with the points of contact of the opposite sides meet 
in a point. 


* Salmon—Conies, § 129, 


18 
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122. THEOREM : 


If a quartic has three `points of undulation lying on a 
right line, the fourth point where the line meets the curve 
again is a point of undulation. 


This is easily proved by the principle of residuation :— 
If A, B, C be three collinear undulations and D the 
fourth point where ABC meets the curve again, we have 
[A+B+C+D]=0. 
Also [4A ]=0, [4B]=0, [4C]=0, 


whence the theorem is proved. 


123, THEOREM: 


The locus of points, whose first polars break up intoa 
conic and a right line, passes through every point, where the 
tangent has a contact of the third order with the quartic. 

The equation of a quartic which passes through the 
origin is— 

u,+u,+u,+u,=0, 
where u, is the tangent at the origin, If this tangent has 
a contact of the third order with the curve, u, must be a 


factor in each of u, and ~,; consequently the equation of 
the curve becomes— 


44 (v9 +0, Hus) tu, =0. 
Now, the first polar of the origin is *— 
u, (30, +w, +0, )=90, 


which evidently breaks up into the tangent u, and a conic, 
whence the theorem follows. 


* We have seen that the first polar of any point passes through the 
double points on the curve. Hence the first polar of a flecnode breaks 
up into a, line and a conic, 
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124. HARMONIC PROPERTY: 


Any line drawn through a double point on a quartic is 
harmonically divided by the curve and the first polar of the 
double point. 


Since a double point on a curve is also a double point 
on the first polar of the same point, any line drawn through 
this double point meets the quartic in two other points and 
the first polar only in one other point. 


The equation of a quartic having a double point at the 
origin O is— 


bs tu, tu, =0 (1) 
and the equation of the first polar of O is— 
2u, Fu, =0 we (2) 


Transforming to polar co-ordinates, the equations (1) 
and (2) become— 


r* (a cos*6+ 2h cos ĝ sin 0+b sin? 0) -+7r?(a' cos? 
+-30' cos? 6 sin 6+3c' cos 6 sin? 0+ d' sin? 6) 
rt (a" cost OF...) =0 ax. (1) 
and 2r4(a cos*6+2h cos 6 sin 0+ b sin? 6) 
+r°(a’ cos? 6+4-3b' cos * O sin 6 
+3c' cos 0 sin? 64d’ sin? 6)=0 ... (2) 
Now, if P and Q be the points in which a radius vector 


meets the quartic, and R the point where it meets the 
first polar, we obtain from equations (1) and (2)— 


OP+OQ -lpi 
OP.0Q OP OQ 
_. —(a' cos? 0430’ cos? 6 sin 6+-3c’ cos Osin? 6+’ sin? 6) 
* acos? 6+-2h cos Ô sin 0+b sin? 6 


2 : 
= oF. [by equation (2)] 
e, 3p + 60 T OR’ , t.e., (OPRQ) is a harmonic range, 


140 THEORY OF PLANE CURVES 


He.1. Show that the equation of a quartic with a tacnode at O 
and the side OA as the tacnodal tangent can be put into the form— 
y?’z? + Qyeu, +u,=0 
{Use Newton's diagram. ] 
Es. 2. Shew that the points of contact of the four tangents to a 


quartic from a tacnode lie on a conic touching the quartic at the 
tacnode, 


Ev. 3. Ifa quartic has a rhamphoid cusp at O, the points of contact 
of the tangents drawn from C lie on a conic osculating the curve 
at O. 


Es. 4. The line joining two undulations of a quartic meets the 
curve again in P and Q. Shew that a conic can be described having 
four-point contact with the curve at P and Q. 


Ex. 5. Show how the properties of a quartic witha triple point 
can be deduced from those of a unicursal cubic. 


[Apply a quadric inversion to the quartic with the triple point and 
any two other points on the curve as the vertices of the fundamental 
triangle. See § 207, Vol. 1, Theory of Plane Curves. } 


125. THEOREM: A quartic curve cannot have more than two 
flecnodes. 


The equation of a quartic having three nodes at the 
vertices A, B, C of the fundamental triangle is— 


ay*z* +b29 g? +c0%y* +ayz(le-+my+nz)=0. 


If A is a flecnode, the co-efficients of x»? and x should 
have a common linear factor, This requires that 
yz(my+nz) should contain with lyz+6z*+cy* a common 
linear factor, t.e., 


lyz-+bz* +cy* = (my +nz)(m'y+n'z) 
< mm'=c, nn'=b, and mn’ +m'n=1 ; 
or bm? -+cn* =lmn ew» (1) 
Similarly, if B is a flecnode, we must have— 


al’ +on* =linn woe (2) 
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If now the third vertex © is a flecnode, we must have 
in addition— 
al? bm? =lmn (3) 


Thus, from (1), (2), (3) we obtain— 


al? +-bm* =bm? + en? =cn® + al? =lmn, 
which give— 
al? =bm* =cn* =4lmn=A4Aabe. 


But these values of the constants reduce the equation 
toa perfect square, and therefore the third vertex can- 
not be a flecnode. 


126, THEOREM: If a trinodal quartic has two biflecnodes, 
the third node must also be a biflecnode, 


The equation of a quartic having three nodes at A, B, 
C: is - 


ay*z* +bz°x? +c2%y* +eyz(le+my+n:)=0. 


If A is a biflecnode, the co-efficient of x should contain 
the co-efficient of æꝰ as a factor, z.e., yz(my+nz) should 
contain 6:%-+cy?+lyz asa factor. But this requires that 
third powers of y or z should occur, which is impossible 
since B and C are also nodes on thecurve. Hence the 
only possible conclusion is that l=m=n=0; and thus the 
co-efficient of « vanishes. Hence the equation of a quartic 
having biflecnodes at A and B is— 


a 


Cc 
g? y* + —=0. 


a 


The symmetry in the result shows that the third vertex 
C is also a hiflecnode. 

In order that the curve may be'real, one of the constants 
must have a negative ‘sign (say c). Hence it follows that 
the nedal tangents at A and B are real, while those at C 
are imaginary. 
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127. HARMONIC PROPERTIES OF A BIFLECNODE: 


A biflecnode on a quartic possesses harmonic properties 
analogous to those possessed by a point of inflexion on a 
cubic. The equation of a quartic having a biflecnode at 
the origin O is— 


U Vo Fuy, Fu, =0 (1) 
The first polar of O is— 
%,(2v9+0,)=0 (2) 


Hence the first polar of a biflecnode consists of the two 
biflecnodal tangents and another line which is called the 
harmontc polar of the biflecnode. 
Consider a line drawn through the biflecnode at the 
origin. Let 
u, =Eax? + 2hzy+by’, v, =læ+ my; 
u, Ea'at +402? y¥+6c'z*y* + Ad'ey? +e'y*. 
Transforming to polar co-ordinates, the equation (1) 
becomes— 
r*(acos*6-+ 2h cos 6 sin 0+b sin? 0)(v, +71 cos 6 
+rm sin 0) +r* ‘a’ cost 0+... )=0. 
If P and Q be the points in which the radius vector 
intersects the curve again, then 
OP +0Q = al + 1 = —(l cos 0+ m sin 6) 
OPOQ OP OQ vo 
If R be the point in which the radius cuts the line 
2v, +0, =0, we have 


1 _ —(lcos 6+ sin 6) 
Ro 2v9 


= o n TOR 
which shows that OR is the harmonic mean between OP 
and OQ. Hence we obtain the theorem :— 


1 __ leos6+msin@_ 2 


Every line drawn through a biflecnode on a quartic is 
divided harmonically by the curve and the harmonic polar. 
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128. THEOREM: 


If two right lines be drawn from a biflecnode to meet a 
quartic in four points and their extremities be joined directly 
and transversely, the points of intersection will lie on the 
harmonic polar. 


This follows immediately from the harmonic properties 
of a complete quadrilateral. The method of proof is 
exactly similar to that used in § 33 in the case of a cubic 
curve. In exactly the same manner, we may deduce the 
following—The tangents at the extremities of any chord 
drawn through a biflecnode intersect on the harmonic polar. 


129. TuHeorem: The harmonic polar passes through every 
double point on a quartic. 


This follows as a particular case of the theorem in 
§ 127. For, if O is a bifleenode, and P a double point on 
the quartic, the line OP cannot meet the curve in any other 
point. But OP is divided harmonically by the curve and 
the harmonic polar. Hence, the point where OP meets the 
harmonic polar coincides with P. Therefore P lies on the 
harmonic polar. 


Again, since a quartic may have two other double points 
besides the biflecnode, the line joining these double points 
is the harmonic polar of the biflecnode. 


Ev. 1. Shew that a quartic with a biflecnode at O oun be put into 


the form— 
eyst+u,=0 or (x? +y*)z?*+u,=0 


Ex. 2. Shew that the equation of a quartic with two real biflec- 
nodes at A and ® can be put into the form— 


(w + pa?)(y? + gz?) + 2ks* =0, 


Ld 
Exs. 3. Shew that the equation of a quartic with a flecnode at O 
can be put into form— 


wyz? + Zyzu, +2*v, =0, 


where ug and v, are quadraticain œ and y. 
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Ev. 4. Use Ex, 1 to show that the pointes of contact of tangents 
drawn from O ara collinear. 


Ez. 6. Prove that a quartic cannot have a biflecnode and a 
flecnode. 


Ex, 6. A quartic cannot have a cusp and a bifleonode. 


130. Let us consider the equation UW=V*, where 
U, V, W each represents a conic. This equation implicitly 
contains sixteen constants, but the equation of a quartic 
contains 14 independent constants and therefore the 
equation of any quartic can be reduced to this form in a 
doubly infinite number of ways. 


Let ast + by* +cz*......=0 .. (1) 


be the equation of a quartic. If this is to reduce to the 
form UW=V*, the equation (1) is to be identified with 


(w +b'y 0's? +...) (a? Hoyt +072" +...) 
—(a,2°+b,y* +c,09+...)*=0 ... (2) 


which contains sixteen constants. 
If the expanded form of (2) is— 


Ax* + Byt +Cz* +.--=0 (3) 
comparing the co-efficients of (1) and (3), we obtain 
ee eee 
a 3 o“ we (4) 


There are 14 conditions in the equations (4). Thus the 
16 constants must satisfy 14 conditions, and therefore the 
equation can be reduced in a doubly infinite number of ways, 


The form of the equation shows that the conics U and W 
each intersects the conic V=0 in four points lying on 
the quartic, and each of them cuts a eontiguous sonic 
V'=0 in four contiguous points on the quartic. Henee 
the conics U and W each touch the quartic in four points 
where they respectizely meet V=0, 
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131. SYSTEM OF GENERATING CONICS:’ 


From what has been said above, a quartic can be 
regarded as the envelope of the singly infinite system of 
conics represented by the equation 


MU +2\V4+W=0 we (2) 


where A is a variable parameter, and U=0, V=0, W=0 
represent three conics. The conics U and W belong to the 
system (1) but not V. The equation of the quartic is 
obtained in the form 

UW=V: we (2) 


A conic consecutive to (1), given by— 
(A+6A)?U +2(A+8A)V + W=0 


intersects (1) in four points which are the points of 
contact with the envelope. 


Hence the conic (1) touches the quartic (2), where 
AU+V=0, and consequently AV+W=0, z.c., in the four 
points determined by AU+V=0 and AV+W=0. Thus 
every conic of the family (l) has a quadruple contact 
with the quartic and the eight points of contact of U and 
W lie on the conic V. 


The discriminant of the form— 
AU +2AV + W 


is a function of the third degree in its co-efficients and 
therefore will involve A in the sixth degree. Thus, six 
values of À can be determined so that this discriminant 
vanishes; and consequently there are six conics of the 
system (1) which reduce to a pair of right lines. Now each 
of these pairs of right lines will touch the quartic in four 
points. ButPsince a line cannot meet a quartic in more than 
four points, each line of a pair touches the quartic at two 
distinct points, t.e., each line is a bi-tangent of the quartic. 
Thus there are obtained six pairs of bi-tangents of the quartic. 


* Pliicker—Theorie der Alg. Kurven, p. 228 (Bonn, 1839), 
19 
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132. The system of generating conics (1) is included 
in the linear net— 


€U+7V+W=0 


where ¢ and ņ are variable parameters. 


But it is known that a net of conics may always be 
regarded as the net of first polars of a cubic curve ¢ (say). 
Then é 7 may be regarded as non-homogeneous projective 
co-ordinates of the pole of the polar conic. 


If we put €=A*, 7=2A, we obtain the equation 
4g—n? = 


of a conic y of the net, tothe points of which the system 
of conics are associated as polar conics. The quartic there- 
fore may be regarded as the envelope of the first polars of 
all points of y with respect to ¢, or as the locus of a point, 
whose polar line with respect to ¢ touches the conic y; or 
finally, as the locus of the poles of tangents of y w.r.t. 4, 
and this has already been given as one method of generating 
the quartic. 


Tf S, and S, are two conics of the system, t.e., polars 
of two points P, and P, on jy, the conic, which passes 
through the eight points of contact with the quartic, is the 
polar w.rt. > of the intersection of the tangents to yp at 
P, and P,. 

The curves y and œ are called “ Lettkurven” or the 
directing curves and the conics of the system generating 
conics of the quartic. 


Again, the polar conics of points on a line with respect 
to a curve of the fourth order envelope a second quartic, 
and in this way from a given quartic can he derived a 
second quartic. With the help of this theorem, it can be 
easily established that the six points on the Steinerian, 
which correspond to six collinear points on the Hessian, 
lie on one and the same conic. For further discussion on 
the subject, see Kohn—Crelle, Bd. 107, p. 5 (1891), 
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138. System OF GENERATING CUBICS: 


There are 64 triply infinite systems of curves of the 
third order which envelope a given curve of order four, t.e., 
which have six-pointic contact with the quartic.* They 
belong to two different classes. The first. 36 in number, 
contains a singly infinite system of degenerate cubics, 
consisting of lines and conics, in each case the line touches 
the quartic once, and the conic touches it thrice and goes 
through the two remaining points where the line meets 
the quartic. By means of Hesse’s space-representation, 
the system may be made to correspond to points in space, 


The second system, 28 in number, are determined by 
the bitangents of the quartic. If a bitangent is taken as 
the side «=0 of the fundamental triangle, then the equation 
of the quartic may be written as ib, =t, where 
$a is a cubic touching the curve, and belongs to the 
- system determined by the bitangent, $,=0 is the equation 
of a conic, which passes through the points of contact of 
the bitangent and also through the six points where the 
curve ¢, touches the quartic. The twelve points of contact 
of two enveloping curves of one and the same system, 
whether it is of the first or the second class, again lie on a 
curve of the third order. There are 64 curves in each 
system of enveloping curves, which have four-pointic contact 
with the quartic. 


Two curves of the third order belong to the first or the 


second class, according as they have a common conic having 
triple contact or three collinear points of intersection.t 


Ex, A line is drawn through each of the points of contact of a bi- 
tangent of a quartic. Show that a cubic touches the quartic at the six 
points in which fhese two lines meet the curve again. 


— — 





* Hoase -Orelle, Bd 49, p. 243 (1855). Olebsoh — Math. Annalen, 
Bd. 3, p. 45 (1871). 


+ Rosati—Giorn di Mat., Vol. 38, p. 165 (1900). 
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134. CIRCUITS OF A QUARTIC: 


The part of a curve traced out by a real point has been 
called its circuit and is said to be odd or even according 
as it is met by any line in an odd or even number of 
points.* A non-singular quartic therefore cannot have an 
odd circuit, nor can it have more than four even circuits, 
For, if it had five, the conic through a point on each circuit 
would meet the quartic in ten points. 


Again, a non-singular quartic can be projected into a 
closed curve, consisting of one, two, three or four ovals. 


Klein’s theorem t gives for a non-singular quartic, that 
if there is no inflexion, there are four ideal bitangents, 
none meeting the curve in real points. If there is an 
inflexion, it can be shown by projecting the inflexional 
tangent to infinity, that there is some line which meets 
the curve in no real point. In any case, there is some 
line not meeting the curve in real points, whence the 
theorem follows. 


If there are two ovals, one may lie inside the other, or 
may be external to it, In the first case, the inner oval can 
have no inflexion, for in that case the inflexional tangent 
meets the inner oval in four points and the outer oval in two 
points at least. But this is not possible for a curve of 
order four. 

In case of three or four ovals, no ovalcan lie inside 
another. For in that case a line may be found to meet the 
quartic in more than four points. If two ovals are external 
to each other, they will have four and only four common 
tangents which are bitangents of the curve. 


* Zeuthen—Math. Ann. Bd. 7, p. 410 (1874). See also Hilton—Plane 
Alg. Ourves, Chapter XX. 
t F. Klein—Math. Ann. Bd, 10 (1876), p. 199. 


CHAPTER VII 


THEORY OF BITANGENTS 


135. The bitangents of a quartic have been studied in 
some details by workers in geometry. The configuration of 
28 real bitangents was first discussed by Steiner and 
Pliicker. In this chapter, we shall consider the several 
methods, but it is convenient to prove at the outset the 
following important theorem ; 


TueoreM: The points of contact of any four brtangents of 
a quartic lie on a conic. 


The equation UW=V* can be written in the form— 
(AU + 2AV + W)(n?U +2nV + W) 
={Ap0+(A+p)V+W}? (1) 


as can easily be verified by multiplying out both sides of 
the equation, where A and yp» are arbitrary parameters. 
From what has been said in a previous article it follows 
that both the conics, represented by the factors on the left, 
touch the quartic at the four points, where each meets 
the conic— 


ApU + (A+p)V+W=0. 


Hence the two sets of four points at which any two of 


the enveldping conics touch the quartic lie on another 
conic. 


Again, if we determine A and y such that 


MU+2\V4W and p!U+2u.V+W 
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each represents a pair of right lines, the equation (1) takes 
the form— 
aBys=S8* (2) 


where SAU +(A+y)V+ W, 


in which the above values of À and u have been substituted. 
From the form of the equation (2) it follows that each of 
the lines a, 8, y, ô touches the quartic at two points, where 
it meets the conic S=0, and therefore is a bitangent to 
the quartic, and the eight points of contact of these four 
bi-tangents lie on the conic S=0. 


Notice that the reduction of the equation to the form 
(2) can be effected in only — 15 different ways. For 


à and u have each six different values and when we give 
any value to A, we must give to u any one of the five 
remaining values. 


136. CONFIGURATION OF THE BITANGENTS : 
We have just now shown that the enveloping conics of 
a quartic and the conics through the points of contact of 
any pair of them belong to the system included in the 
equation— 
lU +-mV +nW =0, 
But if lU +mV +nW =0 


represents a pair of right lines, their intersection lies on 
the Jacobian of U, V, W.* Hence it follows that if the 
points of contact of an enveloping conic are joined by three 
pairs of right lines, the intersection of each pair lies on the 
Jacobian of U, V, W. But this Jacobian is the Hessian 
of a certain cubic of which 
lU +mV +nW =0 

is the net of polar conics. Therefore each of these lines 
touches the Cayleyan of the cubic. 


* Salmon—Coniecs, § 388. 


BITANGENTS 151 


Again, since the six pairs of bitangents are included in 
the form— 
ASU +2AV+W, 


it follows that these bitangents all touch the Cayleyan, and 
the intersection of each pair lies on the Jacobian of the 
system. It further appears that the lines which join 
directly or transversely the points of contact of any pair 
of these bitangents all touch the Cayleyan, and they intersect 
on the Jacobian. 


137. Satmon’s THEOREM * 


Through the four points of contact of any two bitangents, 
five conics can be described, each of which passes through the 
four points of contact of two other bitangents. 


The equation of a quartic may be written as UW=V'*. 
If now W breaks up into two linear factors a, B, we have 


ap.U=V* (1) 
and a, are bitangents of the quartic. This equation can 
again be written as— 

aB(A°U + 2AV +08) =(aB+AV)? (2) 
Now, the discriminant of — 
ArU +2AV +08 
is of the sixth degree in A and contains as a factor. 
The value A=0 corresponds to the bitangents a and B. 


The other five values of A, for which the discriminant 
vanishes, will reduce 


MU+2AV +08 
to a pair of wight lines. 


Therefore there are five different ways in which the 
equation (1) can be reduced to the form— 


aByS=(aB-+AV)* wwe (3) 


* Salmon—H. P. Curves, § 255. 
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These conics pass through the points of contact of the four 
bitangents a, 8, y, ô which proves the theorem. 

Since A can be chosen in five ways, there are six pairs 
of bitangents, namely a=0, B=0, and five pairs such 
as y=0, $=0. 

A non-singular quartic has 28 bitangents, and there are 
therefore 3.28.27 or 378 pairs of bitangents. Each of these 
pairs gives rise to five different conics, but each conic may 
arise from any one of the six different pairs formed by the 
four bitangents which correspond to that conic. Hence 
there are in all $x 378 or 315 conics, each of which passes 
through the points of contact of four bitangents of a 
quartic.* 


138. The equation (2) of the last article enables us to 
deduce a number of theorems on the points of contact of 
bitangents. Thus, a conic through the points of contact 
of two bitangents meets the curve again in four points 
where a second conic touches the quartic. 

For the first conic being a8+AV=0, the second 
conic is— 

ASU +2AV +a6=0: 


Similarly, the eight other intersections with the quartic 
of two conics through the points of contact of two bitan- 


gents lie on a conic. 


For, if we take— 


aB+rA,V=0 and aB+A,V=—0 


as the conics, the required conic is— 


LAU + (A, $4,)V +aB=0. 


# This investigation is due to Salmon. Other workers have dis» 
cussed the system of these conics—Oayley—Coll. Papers, Vol. VII, 
p. 128. Hesse—Crelle, Bd. 49, p. 243. 
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139. STEINER-PLÜCKER’S Mernop: 


The configuration of the bitangents of a quartic, deter- 
mined by the nets of conics as stated before, was first 
investigated by Steiner and Plücker. 

The equation of the quartic is put into the form — 

aBys=V* 

where a, 8, y, è are any four bitangents. He states that 
there are 315 conics, such as V, on which lie by four the 
points of contact cf the 28 bitangents and that each net 
contains six bitangents and the six intersections of the 
individual pairs lie on a conic to which all the conics of 
the series are apolar.* Thus the 378 points of intersection 
of the bitangents are said to lie by six on 63 conics to 
which the nets are apolar. But Pliicker does not show how 
the six points of contact of any three hitangents lie on 
a conic, and he draws an erroneous conclusion, as pointed 
out by Salmon, with regard to the number of conics passing 
through eight points of contact of bitangents. 


Sreiner’s Group: The six pairs of bitangents belonging 
toa net such that the points of contact of any two pairs 
lie on a conic are said to form a Steiner’s Group, or Set, or 
Double Six, or a Steiner’s Complex. 


Derinition: Three bitangents of a quartic are called 
syzygettc or asyzygetic, according as their six points of 
contact do or do not lie on a conic. 

Four bitangents are said to be syzygetic or asyzygetic 
according as their eight points of contact do or do not lie 
on a conic. 


For fuller discussion the student is referred to Fro- 
benius—Oralle Bd. 103, p. 169 (1888), and Geiser—Crelle 
Bd. 72, p. 370 (1872), Kohn—Crelle Bd. 107, p. 1 (1890). 


* A curve of order n and a curve of class n are said to be apolar 
or harmonic, if their mixed bilinear invariant called the harmonizant 
vanishes. See Battaglini—Napoli Atti., Vol. 4, p, 1 (1868). 
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140. We shall now prove that the equation of the 
quartic may be reduced to the form— 
Vab+ Ved + Vef =0 


where a,b, c,d@,¢,f are three pairs of bitangents. This 
form of the equation is very convenient for studying the 
configuration of bitangents, specially the properties of 
Steiner’s Groups. From equation (3) § 137, we may write 
the equation of the quartic f=0 in either of the forms— 


s=abed—V* =—0 
and fzabef—W*=0 (4) 
whence we obtain— 
ab(cd—ef) =(V'~W")=(V+W)(V—W) 
Since a, b meet the quartic only in their points of contact, 
the quartic cannot pass through the intersection of a, b. 
Consequently, a cannot be a factor of V+W and bof 
V—W, or vice versa, For then. 
V=e}(V+W)+i(V—W) 
vanishes, when a=0 and 5=0; and this shows that the 
curve passes through the intersection of a and b. 
Hence we must have— 
abæk(V FW) and cd—ef=(V+W)/k 
where, putting k=l, we obtain— 
—4f = —4abed + 4V* = —4abed + (ab-+cd—ef)* 
=a*b* 4- c°d? e° f? —2abed —2abef —2cdef 

whence the equation of the quartic may be written in 
the form— 

Vab+ Vcd + 7 ef=0 se 5) 
The symmetry in this result shows that the efght points of 


contact of c=0, d=0, e=0, f=0 lie on a conic, 
whence we obtain the theorem : 


The eight points of contact of any two pairs of bitangents 
Wie on q conte, 
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Ex. 1, Show that the 378 intersections of the 28 bitangents lie by 
threes on straight lines. 

[This may be proved by comparing the two forms of V in the 
article. } 

Es. 2. Three or four concurrent bitangents are syzygetic. 

{Let three bitangents be given by— 

e*+2hay+y?=0 and y=, 
The equation of the quartic is— 
(æ? + 2hayt+y2)0=V?] 


14]. Properties or A Steiner’s GROUP. 
Two Steiner’s groups are said to be syeygetic or asyzygetic 
according as they have four or six common bitangents. The 


twelve bitangents of a Steiner’s group possess a number of 
important properties. We shall now show that each bitan- 


gent of any pair of a group is cut by the other five pairs in an 
involution to which the points of contact of the bitangent belong. 
Denote the bitangents of the group by the letters— 
a, b, c, d, e, f, g, h, 2, j, k, l 
Taking the bitangents k, l as the lines æ=0, y=0, the 
equation of the curve may be written as— 


ayU—V? =sy(U+2kV +h *xy)—(V +key)? =0 


Hence, the line-pairs ab, cd, ef, gh, ij, are included 
among the conics— 


U+2kV +h82y=0 
which are cut by #=0 in an involution. 
Again, the twelve bitangents of a group touch the same curve 
of the third class. 
For, the “envelope of a line divided by three conics in an 
involution is a curve of the third class, touching the 
conics. 


_ This curve is in fact the Cayleyan of the net and is again 
touched by the lines joining directly and transversely the 
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points of contact of each pair, i.e., the remaining sides of 
the six complete quadrilaterals formed by the points of 
contact of any pair of bitangents. The intersections of each 
pair of bitangents, and also those of each pair of joining 
lines, lie on a cubic, which is the Jacobian of the net. There 
are twelve conics corresponding to each group, each of which 
touches the quarfic twice with ordinary contact, and once so 
as to meet it in four consecutive points, the twelve points of 
higher contact lying on the cubic last mentioned. 


142. Hesse’s Metuon: 


Hesse’s method* of studying the configuration of 
bitangents and the associated conics introduces considera- 
tions from the geometry of three dimensions, and was 
minutely discussed by Prof. Cayley,t and by Nöther.t 
He connects the theory of bitangents with that of the 
bundles of surfaces of the second order. If U, V, W are any 
three quadric surfaces, then the bundle is represented by 
the equation— 


sU +yV+z2W=0 (1) 


The cones belonging to this bundle are determined by the 
values of x, y, z, obtained by equating to zero the discrimi- 
nant of (1). The discriminant is of the fourth order, 
and represents a curve of the fourth order, if 7, y, z 
are regarded as homogeneous point co-ordinates in a 
plane. Thus there is established a (1, 1) correspondence 
between this quartic and the space-curve of the sixth order 
through the vertices of the cones. In fact, for each point 
of the quartic a system of values of 2, y, z is determined 
for which the discriminant vanishes, and consequently 
this gives a cone in the bundle or the verticeseof the cones. 
On the other hand, corresponding to a cone in the bundle, 


* Hesse—Crelle, Bd. 49, p. 243 (1855) 
t Oayley—Crelle, Bd. 68, p. 176 (1868). 
t Néther—Math. Ann. Bd 15, p. 89 (1879). 
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a system of values of x,y,z is obtained for which the 
discriminant vanishes and a point of the quartic is obtained. 


A linear relation between r, y, z represents a line in 
the plane and a fixed pencil in the bundle of surfaces. To 
the four points in which the line cuts the curve correspond 
the vertices of the four cones contained in the pencil. 
If the line is a bitangent, then the basis-curve of the pencil 
consists of a space-curve of order three and one of the 

double lines through the vertices ; the space-curve passes 
"through six of the eight points common to the surfaces of 
the bundle; while the line joins the remaining two points. 
Thus the bitangents of the quartic are placed in a simple 
relation to the 28 lines joining the eight points of the 
pencil. If we denote the eight points in space by means of 
the numerals 1 to 8, to each combination of two of the num- 
bers 1 to 8, there corresponds one bitangent of the quartic. 


Thus Hesse introduces a notation by means of which 
the configuration of the 28 bitangents and the associated 
conics can be easily determined. 


The 378 pairs of bitangents will be represented by the 
two similar types of symbols (12. 13), etc., and (12. 34), 
etc. There are then 1,260 triads of bitangents, whose six 
points of contact lie on a conic and they belong to two 


different types (12. 23. 34) ete. and (12. 34. 56) ete. 


There are 315 tetrads of bitangents whose eight points of 
contact lie ona conic, and belong to two different types 
(12. 23. 34, 41) etc., and (12. 34. 56. 78) etc. 


There are 1,008 groups of six bitangents which touch 
a conic and they may be represented by one of the following 


three typgs of symbols (12. 23. 31. 45. 56. 64), (12. 34. 35. 
36. 37. 38), (12. 13. 14. 56. 57. 58). 


There are 5,040 groups of six bitangents which intersect 
in pairs in three collinear points and they may be repre- 
sented by one of the following types : (12. 23.31. 14. 45. 51), 
(12. 23. 34. 45. 56. 61), (12. 34. 35. 36. 67. 68). 
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143. APPLICATION oF HeEsse’s NOTATION: 


Hesse’s notation, although not symmetrical, is perhaps 
as convenient as any we can find. 


Combination in pairs of the eight symbols 1, 2, 3, 4,5, 
6, 7,8, gives us 28 symbols 12, 13,...78, which may be 
used to denote the 28 bitangents. The notation serves to 
correctly represent the geometrical relations of the 28 
bitangents. For the notation might suggest that the 
bitangent 12 was related in a different manner to the bitan- 
gents 13, 14, etc., and to the bitangents 34, 56, etc., but 
there is no real geometrie difference between the relations 
of any pair of bitangents. 


We again apply the symbol such that 12, 34, 56, 78 
denote the bitangents whose eight points of contact lie on 
a conic. The same property will then belong to every 
tetrad of bitangents represented by a similar set of duads, 
i.e., by any four duads containing all the eight symbols. 
But it will be found that there are only 105 arrangements 
of the eight symbols into sets such as 12, 34, 56, 78. The 
remaining 210 conics correspond to four bitangents repre- 
sented by the symbols such as 12, 23, 34, 41, ¢.e., the duads 
formed cyclically from any arrangement of four of the 
eight symbols, It is found that there are then 210 such 
tetrads. 


Hence the group belonging to the pair 12, 34 consists of 
56, 78; 57, 68; 58,67; 13,24; 14, 23; 


and the group belonging to the pair such as 12, 13 is- - 
24,34; 25,35; 26,36; 27,37; 28, 38, 


Thus we see that the notation shows completely how 
the bitangents are to be combined in groups. But although 
the notation suggests that the first 105 conics differ in 
their properties from the last 210 conics, this is not actually 
the case, since the 315 conics are of the same nature. 
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The notation has been fully discussed by Prof. Cayley. * 
He exhibits in a table the geometrical relations of the 
bitangents, taken singly in twos, threes or fours, and the 
number of terms belonging to each type of arrangement of 
the symbols. For a detailed study of these symbols, the 
studen is referred to the paper by Prof. Cayley and to 
Salmon’s H. P, Curves §§ 259-262. 


144, Fontené,t however, has given a method of visual- 
izing the notation of Hesse by considering a quartic 
fg+e=0, where e is a small constant, and f=0, g=0 
are equal ellipses of small eccentricity and nearly concen- 
tric, the major axis of one being parallel to the minor axis 
of the other. The quartic thus consists of four portions 


each lying inside one ellipse and outside the other. The 
portions are narrow ovals each touched by one bitangent, 
while any two ovals have four common bitangents, The 
quartic has 28 real bitangents, each touching the curve 
in points which lie very close to two of the points denoted 
by the symbols 1, 2, 3, 4, 5, 6, 7,8, in the figure, 


* Cayley—Crelle, Bd. 68 (1868). 


+ Q. Fontené—Bull. de la Soc. Math de France, Vol, 27, 
p. 229 (1899), 
See also Hilton—Plane Alg. Curves, p. 342. 
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Next suppose that the ellipses are nearly equal, so that 
in the limit the ovals are indefinitely narrow. The bitan- 
gents may now be regarded as the 28 lines joining in pairs 
the eight points 1, 2, 3, 4, 5, 6, 7, 8. 





The bitangents are then denoted by 12 or 21, 13 or 31, 
etc. It is readily seen that three bitangents are syzygetic 
if (1) their symbols involve six distinct digits, namely, 12, 
34,56; or (2) their symbols contain two digits twice and 
two digits once, namely 12, 23, 34. 

Similarly, four bitanget%s are syzygetic, if they can be 
represented by either of the wwo symbols of the types 


12, 34, 56,78; or 12, 23, 34, 41. 


From the figure it will be easily seen that the four 
bitangents either join four distinct pairs of points or are 
the sides of a quadrilateral, whence it follows that there 
are Groups of the two types— 


1817, 28 27, 38 37, 48 47, 5857, 68 67; 
or 1423, 2431, 3412, 5867, 68 75, 78 56, 


There are then *C, or 28 Complexes of the first type and 
3.20, or 35 Complexes of the second type, altogether making 
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up the sizty-three Complexes, and this is the complete list 
of possible sets of three or four syzygetic bitangents. 


This explains the notation used by Hesse and the 
students are referred for further details to the works cited 
before. 


145. Gerser’s Metnop: 


Another mode of connecting the theory of bitangents 
with spac e-geometry was used by Geiser.* From any point 
on a cubic surface can be drawn a quartic cone touching 
the surface, and this intersects any plane in a general 
quartic curve. The cone will be non-singular, its bitangent- 
planes being the tangent plane to the cubic at the vertex 
and the planes joining the vertex to the 27 lines on the 
surface. The 28 bitangents of the quartic are the lines 
in which these planes are met by the plane of the quartic. 
He thus establishes a relation between the 28 bitangents of 
a quartic with the 27 lines on a cubic surface. 


Zeuthen shows that his classification of quartics with 
regard to the reality of their bitangents leads by a different 
process to the results obtained by Schläfli in elassifying 
cubic surfaces with respect to the reality of their right 
lines. 


146. ARONHBOLD’S Meruov! 


Aronhold has shown that when seven arbitrary lines are 
given, a quartic curve can be found having these lines as 
bitangents, and of which the other bitangents can be found 
by linear construction. 


The method depends on properties of a system of curves 
of the third class having seven common tangents and can be 
explained briefly as follows : 


. * Geiser—Math, Ann, Bd, 1 (1869), p. 129. See also Zeuthen—sbid, 
Ba. 8 (1875), p. 1. 
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Let us consider two curves ¢ and y of class three, having 
seven fixed common tangents. They have then two other 
common tangents, which intersect at any point P (say). 
If now we keep ¢ fixed and vary yin such a way that it 
always touches the seven given lines, then through P there 
passes a tangent a of ¢, which may be called the coresidual * 
of ¢ with respect to the seven given lines. The tangent a 
intersects this curve ¢, which is of order 6, in four other 
points. At these four points, and at no other, will the curve 
¢ be touched by any other curve of class 3 having those 
seven lines as tangents. Hence follows that the locus of 
the points of contact of the two curves of class three of 
this system is a curve of order four,f and in fact, is a 
general quartic having the seven given lines as bitangents. 
In order to determine the remaining 21 bitangents, we have 
to find 21 curves of the third class belonging to the system, 
which break up into a conic and a line. Five of the seven 
given lines must touch the conic, and the remaining two 
intersect on the line. The coresidual lines to these 21 
degenerate curves are the bitangents sought, which can 
be obtained by linear construction only. 


The set of seven lines, which are themselves bitangents 
of the quartic, is called an ‘‘ Aronhold Seven.” They are 
such that the points of contact of any three do not lie on 
a conic, T.c., no three of thesgseven are syzygetic. 


# If we have a system of curves of the third class touching seven 
given lines, and consider any one curve of the system, the eighth and 
ninth tangents, common to it with any other curve of the system, 
intersect on a fixed tangent of the selected curve, which may be called 
the coresidual, for that curve, of the seven given tangents, 


+ This can be easily seen by considering a system of cubics through 
seven given points. If the remaining two points coincide, i. e, if the 
cubics touch, the envelope of the common tangent is a curve of the 
fourth class. The reciprocal property will establish the theorem. 
See Salmon—H. P. Curves, §§ 268-64, 
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147. LINEAR CONSTRUCTION OF BITANGENTS : * 


The bitangents of a quartic can accordingly be found 
from the seven given bitangents by linear constructions. 
From what has been said above, we have in fact to construct 
the coresidual tangents for the several systems 12345, 
67, etc., where 12345 denotes the conic touching the first 
five lines, and 67 is the point of intersection of the other 
two. Now, the two systems 12345 67 and 12346 57 have 
obviously seven common tangents, and the remaining 
common tangents are the tangents to 12345 from the 
point 57, and to 12346 from 67. But when one point on 
a tangent to a conic is given, the remaining tangent can be 
obtained by linear constructions with the help of Brian- 
chon’s theorem. Thus the two tangents and their intersec- 
tion are obtained. The remaining tangents drawn from 
the point to each of the two conics will be the two required 
coresiduals, and consequently two of the bitangents. The 
same may be obtained by considering the three systems 
12345, 67; 12346, 57; 12347, 56. We determine, as 
before, the remaining eighth and ninth tangents common to 
each pair of systems, the three intersections of these pairs 
of tangents, being joined, will give three of the required 
bitangents, The bitangent which is the coresidual for 
the system 12345, 67 may be called the bitangent (67) ; 
and thus the 21 bitangents may be denoted by combinations 
of the symbols 1, 2, 3, 4, 5, 6, 7. In addition to these, 
there are the seven given lines as bitangents. If now we 
introduce for symmetry a new symbol 8, the seven lines 
may be denoted by (18), (28), (38), (48), (58), (68), (78) 
and this leads to a algorithm identical with that of Hesse. 


For a,complete discussion of the method, the student 
is referred to Aronhold’s original paper in Berlin Monats- 
berichte—(1864), p. 499; Timerding—Math. Ann. Bd. 53 
(1900), p. 193. 


* Salmon’s H. P. Curves, §§ 263-268. 
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148. METHOD OF CHARACTERISTICS: 


In order to investigate the bitangents of a quartic 
E. Pascal * has introduced a method in which bitangents 
are represented by means of so-called odd characteristics of 
genus 3. Each bitangent is represented by the symbol 


(je) 
n ji k 


where 7, J, k, 7,,9,, k, are either 0 or 1, and the sum 
tt, tij tkk, 


is an odd number (1 or 3). In this representation, the four 
bitangents, whose points of contact lie on a conic, are repre- 
sented by four characteristics, whose corresponding elements 
give an even sum (0 or 2). Fora study of the theory, the 
reader is referred to Néther-—Miinchen Abhandlungen, Bd. 
17 (1879), p. 105, and Math. Ann. Bd. 28 (1886), p. 354. 


149. INVESTIGATION BY KUMMER’S CONFIGURATION: 


Kummer had remarked that oc* of surfaces of order 
4 with 16 nodes and 16 singular tangent planes pass 
through a general quartic. These 16 tangent planes cut out 
16 bitangents of the quartic, so that the 12 remaining 
bitangents form a Steiner's Group.t The 16 of the 28 
bitangents, which are obtained excluding the Steiner's 
Group and which could be determined on the plane of 
a Kummer’s configuration in the above manner, are said 
to form a Kummer’s Group. The 16 bitangents of a 


* E. Pascal—Ann. di Mat., Vol. 20 (1893), pp. 163, 269 and Vol. 21 
(1893), p. 85, 


¢ In this way the theory of bitangents of Ciani has been deve- 
loped—Ann, di Mat., Vol. 2 (3) (1897), p. 53. 
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Kummer’s Group touch by six 16 conics. It follows further 
that the r points, in which two bitangents of a Kummer’s 
Group intersect, lie by threes on 240 lines 7, and these lines 
pass by threes through 1280 points, 320 of those points 
are obtained as follows:—The 6 points, in which the pairs 
of bitangents of the Steiner’s Group, complementary to the 
Kummer’s Group, intersect, determine a complete hexagon. 
The points, in which each side of this hexagon is met by 
the pairs of opposite sides of the complete quadrilateral 
formed by the four vertices of the hexagon not lying on it, 
determine an involution, whose double points are denoted 
by M (say). The 30 points M thus obtained lie by threes 
on 60 lines m, which form 15 quadriJaterals with vertices M. 
The 60 lines m pass by threes through 320 points s, which 
are the required points. 


If we consider the 63 Kummer’s Group, we may say 
that the 378 points of intersection of the 28 hitangents 
lie by threes on 5040 lines 7, which again pass by 
threes through 6720 points s aud (0480 points k. Each 
line m~ contains four points s and 36 points k. The 6720 
points s lie by fours on 15120 lines ~. The 60480 points k 
lie by threes on 20160 lines e, which pass through the 
6720 points s by threes, and throvgh 15120 points č by fours. 
For other details, see H. Webers— Algebra Bd. 2 (1900).* 


Ex. 1. Shew that thore are 288 Aronhold Sevens of bitangonts, 
of which 72 contain any given bitangent and 16 contain any two 
given bitangents. 


Ev. 2. Using Aronhold’s method shew that the intersections of 
the bitangents lie, three by three, on straight lines. 
[See Salmon—H. P Curves, § 266]. 


® 
Ee. 3. Shew that the six intersections of each pair of a Steiner’s 
Group lie on a conic. 





* De Paolis, considering a quartic as an intermediary curve in a 
plane transformation of order three and deficiency one, obtained the 
properties and the equations of the 28 bitangents (1878). 
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150. THE REAL BITANGENTS: 


Pliicker* gave the following example for showing that 
the 28 bitangents of a quartic are all real. In this case 
the quartic must necessarily be quadripartite. These four 
branches have therefore *C,x4=24 common tangents, 
which are bitangents of the quartic. 


There must be other four bitangents for which Pliicker 
starts with the equation— 


Q= (y* —2? )(a—1)(w—$)—2{y* +a(2—2)}* =0. 

The circle within the parenthesis is circumscribed about 
the triangle (y*—a#)(z—1). Therefore the curve has 
double points at the three vertices, and z—$=0 is a 
bitangent, as shown in the figure by the thick line. 


Let us now consider the curve Q=k, for small integral 
positive or negative values of k. 


The curve Q=k does not meet Q=0 in any finite 
point, and it deviates less from the form of thé curve Q, the 
less we suppose k, and according as k is positive or negative, 
it is altogether within or without Q. When k is negative, 
the curve is altogether without, and it is untpartite and 


* Plicker—Theorie der Algebraischen Kurven, p. 247. 
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has 28 real bitangents, When the curve is within, it 
consists of four ovals, one in each of the compartments 
into which the curve Q is divided. Each oval has one 
tangent touching it doubly. Hence there are four bitan- 
gents belonging to the ovals. 


Again, any two ovals have four common tangents and 
the four ovals can be grouped into six such pairs. There 
are therefore 24 bitangents, and thus altogether there are 
28 real bitangents. 


Thus, in the above example, there are 4 bitangents of 
the first kind and 24 of the second kind, as was otherwise 
obtained by Zeuthen. 


In fact, the number of real bitangents of a quartic is 4, 
8, 16 or 28. 


For, if the quartic has 7r(r=1, 2, 3,4) ovals external 
to each other, it has also 3r(r—1)x4 bitangents of the 
second kind. But it has four bitangents of the first kind. 
Hence the curve has 0, 4,12 or 24 bitangents of the second 
kind and four of the first kind, which proves the pro- 
position. 


Ee. 1. Show that the curve s°y+y%z+23x=0 has oxactly four 
real bitangents. 


[Tracing the curve it will be seen that it consists of a single oval 
touched in real points by three bitangents. The line ws+y+z=0 is 
the fourth real bitangent. ] 


Eo. 2. The eight points of contact of the four bitangents of the 
first kind lie on a conic. 


Ew. 3. Three bitangents of a quartic form a triangle ABC, whose 
sides touch the quartic at P, and P,, Q, and Q,,R, and“R,. Show 
that the conic P,Q,Q,R,R, passes through either P,, or the 
harmonic conjugate of P, w.r.t. B and C. 


Ew, 4, Two external ovals cannot be enclosed within the triangle 
formed by any three bitangents of the first kind, 


Eo, 6, Two external ovals of a quartic have two bitangents having 
the ovals on the same side and two bitangents having the ovals on 
opposite sides. 
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151. REAL INFLEXIONS AND UNDULATIONS: 


When a tangent touches a single branch at two real 
points, it is evident that the arc at each of these points 
is convex towards the tangent. Therefore, intermediate 
between these two convex parts, there must be a part of the 
are which is concave towards the tangent. This concave 
part must therefore be separated from the convex parts by 
a point of inflexion at each extremity. Therefore, corres- 
ponding to each bitangent of the first kind, there are two 
real points of inflexion. Conversely, the existence of two 
real points of inflexion on a single branch implies the 
presence of a bitangent of the first kind. Now, since there 
are only four such bitangents, a quartic curve cannot have 
more than eight real points of inflexion. 

If, however, the two points of inflexicn coincide, the 
bitangent touches the curve at four consecutive points and 
the point of contact becomes a point of undulation. Hence, 
since there are only eight real points of inflexion, a quartic 
can have at the most four real points of undulation. 


Ex.1. The tangents at three collinear inflexions of a quartic meet 
the curve again in collinear points. 


Fx. 2. The line joining two undulations of a quartic meets the 
curve again in P,Q. Show that a conic can be described having four. 
pointic contact with the curve at P and Q. 


Ea, 3. Show that thore are six real inflexions on the quartic— 
xy +yrz+22a=0 


and that they lie on the conic yz+sa+ay=0. 


CHAPTER VIII 


‘UNICURSAL QuARTICS 


152. RatronaL Quarrics: * 


If a quartic is rational (or unicursal) of deficiency zero, 
then the co-ordinates of any point can be represented by 


eiyre=fiifiifs 
where f,, fa, fa are rational functions of a parameter. 


Quartics of species VII, VIII, IX, and X belong to this 
class, and include besides quartics with a triple point or 
other kinds of higher singularities equivalent to three 
double points. While discussing Quadric Inversion, we have 
seen that a rational quartic can be obtained from a conic 
by a quadric transformation. Schröter t considered such a 
quartic as the locus of a point common to the corresponding 
tangents to two projective conics, When, however, one conic 
reduces to a point, the locus becomes a rational cubic. 
Stahl { defined a rational quartic as the plane projection of a 
rational curve in space of order four. 

From the above parametric representation of a unicursal 
quartic, the Cartesian and tangential equations of the curve, 
its singularities, collinearity of points, etc., can be easily ob- 
tained,§ 


* For generat methods of treatment of rational curves, the student 
should consult Meyer’s Apolaritat und Rationale Kurven. 


+ Schréter—Crelle, Bd. 54, p. 82 (1857). 
t Stahl—Creile, Bd. 101, p. 800 (1887). 
$ Brill—Math. Ann., Bd. 12, p. 90 (1877). See also—Theory of Plane ' 
Ourves, Vol. I, Chap. (XIII. 
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A unicursal quartic has four bitangents, six inflexions 


and is of class six, as can easily be verified by Pliicker’s 
formule. 


Properties of a unicursal quartic are best studied by 
the method of quadric inversion, but geometrical processes 
are at times useful and convenient, We may project two 
of the donble points into the circular points at infinity and 
then invert with respect to the third double point. A 
conic is thus obtained, from each of whose properties a pro- 
perty of the quartic can be deduced. It is to be noted, 
however, that this method will be convenient if the two 
projected double points are of the same kind, but there is 
no such restriction in the case of quadric transformation. 


The properties of a tricuspidal quartic can be easily 
derived from those of a nodal cubic by reciprocation. 


Ex., 1. Show that any quartic with a node and a pair of cusps can 
be projected into a limaçon. 
[Projecting the cusps into the circular points at infinity with the 


node at the origin, we get a limaçon, which is the inverse of a conio. 
w.r.t. a focus.] 


Ee. 2. Show that the locus of the intersection of the tangents at 


corresponding points of homographic ranges on two given conics is a 
unicursal quartic, 


[Take the equation of the corresponding tangents as— 
ASU +2aAV+W=0 and A*U’+2aV’+ W m0 
where U, V, W, U’, V’, W’ are linear expressions in æ, y, 2.] 
De. 3. Prove that the cuspidal tangents of a tricuspidal quartic 
meet in a point. 


(This may be obtained by reciprocating the theorem: The three: 
inflexions of a nodal cubic are collinear. } 


Ha. 4. Show how the properties of quartios belonging to species 
IX can be deduced from those of a limaçon by projection and recipro- 
cation. 


Re.6. A pencil of quartios with three given nodes through four 
other fixed points cuts any line through a node in an involution. 

[Applying a quadrio inversion, we get a pencil of conics which cuts 
any line in an involution.) 
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153. TrinopaL QUARTICS: 


We have already seen that the equation of a trinodal 
quartic having three nodes at the three vertices A, B, C of 
the triangle of reference can be written as 


5+ E +5 +4447 =0 we (1) 
or ay*z* 4ebz22* + cry? + 22ny2 (fetgy+hz)=0 ... (2) 
The tangents at the nodes A, B, C are given respectively 
by cyt +bz* +-2fyz=0, az? ow" +2gzæ=0, 
bæ’ +ay* +2hry=0. 
The equation (2) can be put into the form 
(ayz+hzxt+gry)? +(ca—g*)xPy* 
—2(gh —af)\wo* yz + (ab—h* )z*a* =0 
or (ayz+heatgiy)? +2*(By* —2Fyz+Cz?)=0 


where A, B, O, ... denote the co-factors of a, b, c,...etc. in 
the determinant 


a h g 
h b f 
g f ¢| 


This shows that the lhnes By?+Cs*—2Fyz=0 touch 
the quartic at the points (other than the nodes) where 
the conic ayz+hzc+gey=0 meets it, These lines through 
A therefore represent the tangents which can be drawn 
to the curve from the node A. Similarly, the equations of 
the tangents from B and C can be obtained. 


Putting à’, p’, v? for a, b and c respectively, the 
equation (25 can be written as— 
Ary3z? pr s2 ck ud ary? -+ wy: ( feegy + hz) =0 
te. (àyz + pze tvey)’ 
+2ryz{( f—pr)e-+(g—vr)y + (h—àu)s} =0 
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which shows that the line 
Pm( f—py)ot(g—vd)y+(h—Ap)e=0 (3; 
touches the quartic at the points where the conic 
Aye pze + vey=0 
meets it, ï.e., it is a bitangent. 


Since the equation of the quartic remains unaltered when 
the sign of any one of the quantities A, p, v is changed, 
we obtain the other bitangents by writing —A, —p, —v res- 
pectively for A, m, v in (3). 


Thus the equations of the four bitangents can be written as 
(f+ Vdc )a+(g+ Vea y+ (ht Vab)z=0 


where one or all signs are to be taken negatively. If now we 
write for a moment 


ussfetgyth:, /be. =a, Vea. y=ß, Vab. z=y, 
the four bitangents (®) are represented by 
OE (u—a—B—y)(u—a+B+y)(u+a—B+y)(uta+B—y) 
= (u? —a* — B" —y")”—AB*y* + y’a tah + 2ahyu) 
= (u? —a* —B? —y*)*—4abcU. 


Therefore the equation of the quartic U may be written 
in the form— 


dabcU = {( fe+gy thz)’ — bes? —cay* —abz*}*—-@=0 


showing that the points of contact of the bitangents lie on 
© 
the bitangential conic.* 


( fo-+gy+hz)® —(be28 + cay * +abz*)=0 


* Theory of Plane Curves, Vol. I, § 148. 
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Es. 1. Tangents are drawn toa trinodal quartic from two nodes. 


Prove that the points of contact lie on a conic through the two 
nodes. 


(Project the nodes into the circular points and invert w.r.t. the 
third node. The inverse is a conic which intersects a pair of directrices 
in concyclic points. Fora direct analytical proof, see Basset-—Cubics 
and Quartics, p. 130.] 


Ee. 2. Deduce the tangential equation of the trinodal quartic. 
[The line Aw+py+vz=0 touches the quartic 
alw? + b/y? +c/2* + 2f/ys + 2g/z@ + 2h/ey=0 
when also Alot ply +v/ze=0 
and av? + by? +cz? + 2fys + 2gzæ + Zhay=O0 


touch. Hence the tact-invariant of these two conics will give the 
required tangential equation]. 


Ee. 8. Show that the diagonals of the quadrilateral formed by 
the bitangents are 


Hy+Gz—-Ag=0, He+Fe—By=0 and Ge+Fy~Cz=0. 


Ea. 4. Show that the triangle formed by the diagonals is in plane- 
perspective with the triangle formed by the nodes. 


Ew. 5, Show that the triangle formed by any three bitangents is 
in plane perspective with the triangle formed by the nodes, and the 
four centres of perspective form a quadrangle with this latter as ita 
harmonic triangle. 


[The centres of perspective are +/a,+Vb,+Ve.] 


154. THE EQUATION 
VotV/qt+vV/r+-v/s=0 


where p, q, 7, 8 are linear expressions in 2, y, z. 


On ratioffalising, the equation becomes— 
(p° +g? +r? +8’ —2pg — 2q7r—2rs—Zps 
—2pr—2qs)* =64pqrs 
or {2(p° +g? +r? +8") —(p+q+r+s)*}* =64pgrs 
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This shows that the given equation represents'a quartic 
curve with p,q,7,s as bitangents, the bitangential conic 
* being 
2(p* + 9° +r’ +89 )—(p+q tr+s)? =0 


The given equation can also be written as— 
[((p—7) + (q—s)]*—8[(p—r) + (q—8)]* (pq-+78) 


+16[(p—r)q-+(q—s)r]*=0 
each term of which contains either 


(p—r)* or (p—r)(q—s) or (q—s)? 

Hence, the point p—r=0, g—s=0 isa double point 
(a node’, 

Similarly, the points p—s=0, q—r=0 and r—s=0, 
p—q=0 are nodes on the locus. 

Therefore the given equation represents a trinodal quar- 
tic with p, g,7,s as bitangents. The converse theorem is 
also true, namely, the equation of a trincdal quartic can be 
put into the above form, 


155. APPLICATION OF QUADRIC INVERSION. 


While discussing the process of quadric inversion, we 
had occasion to consider some of the properties of a trinodal 
quartic. We shall now consider some other properties by 
the application of the same process, 


A trinodal quartic has four bitangents and six points of 
inflexion, 

Now, applying the principles of quadvic inversion, the 
bitangents correspond to conics through the nodes A, B, O, 
having double contact with the conic and the stationary 
tangents correspond to conics through- A, B, ©, osculating 
the adjoint conic. Hence we obtain the theorem : 


Through three given points there can be drawn four conics 
having double contact with a given conic and six conics which 
osculate a given conio. 


4 
a 
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Various other properties of the curve can similarly be 
established ; but it is important to carefully note the corres- 
pondence of the adjont conic and the quartic derived from’ 
it, The conic meets the sides of the triangle in points to 
which the tangents at the opposite vertices correspond. 
Hence, according as the conic meets a side in two imagi- 
nary points, touches it or meets it in two real points, 
the quartic has at the opposite vertex an acnode, a cusp 
or a crunode. 


156. CoNICS ASSOCIATED WITH A TRINODAL QUARTIC. 


A trinodal quartic possesses six points of inflexion. 
The six nodal tangents, so also the six inflexional tangents, 
touch a conic. In fact, there are a number of conics asso- 
ciated with a trinodal quartic which we shall disouss in 
this article. Ferrers* proved that the six inflexional tan- 
gents touch one and the same conic, but left the correlative 
theorem that the six points of inflexion lie on a conic an- 
considered. The complete solution of this and other cognate 
problems has, however, been given in an exhaustive me- 
moir by Brill.t The memoir is so interesting andjuseful 
to students of analysis that we have preferred to give an 
extract in the form of an appendix at the end of this 
volume. A direct method of obtaining the actual expression 
for the inflexions-conic has, however, been recently given 
by Richmond and Stuart.{ A number of interesting 
properties’ of the trinodal quartic have been discussed 
by R. A. Roberts,§ and among others, from the tan- 
gential equation of the quartic he deduces the equation of 
the ‘conics enveloped by the six inflexional tangents and the 
nodal tangents. 


* Ferrers—Quarterly Journal, Vol. 18, p. 78 (1882), 

+ Brill—Math. Ann., Bd. 12, pp. 98-122 (1877). 

ț Proc. of the London Math. Soo., Vol. 2 (1), p. 180 (1908). 
§ Roberts—Proc, Lond. Math. S00., Vol. 16, pp. 44-60 (1884). 
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Conic 1: The siz nodal tangents of a trinodal quartie touch 
one and the same conic.* 
Consider the tangents at the node ©. 


Let be? Hay’ + 2hey = (l,e+m,y)(l,2-+m,y)=0 
whence m/l +m, /l,=+2h/b and mm, /l,l,=a/b. 
Thus the ratios m,/l, and m,/l, are given as the roots 


of the equation 
bm? — 2hlm + al* =0, 


Similarly, if we find the corresponding equations satis- 
fied by the parameters of the other two pairs of tangents, 
it will be seen that these six tangents touch the conic 


al? + bm? + cn? —2fmn—2gnl—2hlm=0 (1) 
For, if in this equation we put n=0, we obtain the equa- 
tion satisfied by the parameters of the nodal tangents at C. 
Equation (1), when expressed in point co-ordinates, may 
be written as— 
(bo—f* )x* + (ca—g* )y* + (ab—h* )e* 
+2(gh+af jyz+2( fh+-bg)ze+2( fo+tchiry=0 
te. (Aa*+By* +Cs* +2Fys+2G22+2H ry) 
+4(afyz+ bgza+chry)=0 (2) 
Equation (2) may again be expressed in the form— 
cy® + bz* + 2fyz-+k* {(bo—f* e+ (fg+ch)y+( fh+bg)z}* =0 
where k* {abo—af* —bg* —ch* —2fgh}=1. 
Therefore the chord of contact of the nodal tangents 
at A is represented by the equation 
(bo—f* e+ ( fg toh)y +(fh+bg)2=0 
Other chords can be similarly obtained. 


© Theory of Plane Ourves, Vol. I, § 216, Ex. 1. 
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Conic IT}: The sir points where the nodal tangents meet 
the sides of the nodal triangle lie on a conic. 


The intersections of the tangents with the sides are 
given by— 
wx0, cy*-+be*+2fyc=0 


y=0, az*+cxr* +2922=0 
z=0, be? +ay*+2hay=0. 
Hence the conic— 


bex? +-cay* + abz* + 2afyz + 2bgze + 2chey=0 


passes through the points in question. 


Contc III: From each node of a trinodal quartic two 
tangents can be drawn to the curve, and these six tangents touch 
one and the same conic.* 


The equation of the tangents drawn from the nodes are— 
By? +Cz* - 2Fyz=0 
C2*+4+ Ar? —2Gzr=0 
Avt + By* —2H ry =0. 


Proceeding exactly as in Conic 1, we find that the 
tangential equation of the conic touched by these tangents 
is— 

BCL +0CAm! + ABn* 4+2A (gh—af)mn 
+2B( fh—bg)ni+2C( fg—ch)lm=0 


and the point-equation is obtained in the form— 


A*az* + B*by* +C%cz* +26 BC yz + 290 Azz + 2hABry=0. 


* Theory of Plane Curves, Vol. 1, §216, Ha, 1. 
23 
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' Contec IV: The siw tangents drawn from the nodes meet 
the sides of the nodal triangle in sie points lying on a conic. 


These points are given by— 
2=0, By* +02 —2Fyz=0 
=0, Gst+As*—2Gza=0 
z=0, Az*+By* —2Hcy=0. 
whence they are found to lie on the conic— 
Ax? + By? +Cz* —2Fyz—2@z2—2Hazy=0. 


Conic V: The siz inflertonal tangents of à trinodal 
quartic touch one and the same conic. 


If the line Azw+py+vz=0 be an inflexional tangent, 
it has three-point contact with the quartic. If now we 
apply a quadric transformation, t.e., replace 2, y,z by i/s, 
l/y, 1/s respectively in the equations of the line and the 
quartic, the resulting conics, namely, 


S sdyz-+peat+vrcy=0 .. (1) 
and Ræaæ“ +by* +c2* +2fyz+2gzv+2hey=0 ... (2) 
will have also three-point contact. i 


l But the conditions* that these two conics may have a 
éohtuct of the second order are given by— 


3A/O=0/0'=@'/3A' .. (3) 
where A sabe-+ 2fgh—af* —bg* —ch? 
A! 22Apy 
@m2(gh—af A+ 2(hf—bg)n+2( fy—ch)v 
O'm —ad* — bp? —cv" +2 fuy-+ gv + Bhp. 


* Salmon—OGonio Sections, § 872. 
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These conditions are equivalent to the two equations. 
3AQ'=6* and 3A'0=0", 


The first equation is one of order two in A, pm n 
and consequently represents tangentially a conic touched by 
the line 

Ag+ py + vz=0, 


t.e., the six inflexional tangents touch the conic— 
3A0'=0" we (4) 
The second equation represents a curve of the fourth 
class, which is also touched by the six inflexional tangents, 


The point-equation of the conic (4) is obtained in the 
form — 


4(aA*x* +bBty* +cC*%z? +2f BCys + 2gCAza+ 2hABry) 


= A (Ax? + By? + Cz? + 2F yz + 2Gza+ 2H2y) 
+4A (afyz+bgza+chry), 


Conic VI: The siæ inflexions of a trinodal quartic tie 
on a conic. 


Brill, by applying the theory of quadratic forms, 
determined a cubic passing through the inflexions. Then by 
the application of certain identities and quadratic trans- 
formation obtained the actual expression for the conic which 
passes through the six points of inflexion. 


We give ‘here a direct proof of the theorem, which has 
been giver? by Richmond and Stuart * and is considered to 
be simpler and less complicated. 


* Richmond and Stuart—Proc. Lond. Math. Soc., Vol. II (1) (1908), 
p. 180, 
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Consider the conics (1) and (2) of the last theorem, and 


suppose they have a three-point contact at (x’, y’, 2’) 
and let 
Lepe+qy+rz=0 


be the line joining this point to their fourth intersection 
so that 
pe +qy' +rs'=0. 


The tangent to (2) at (x', y', 2’) being— 
T sa 0(aw' hy! tgz) + y (ha! + by! tf) + elge +fy' te!) =0 
we must have S=R-+4TL=0.* 


Equating the cosefficients of w°, y*,2? on the right- 
hand side to zero, we obtain— 


k=p(ae' +hy'+92')/a=q(he' + by’ +fe')/b=r(ge' +fy' + c2')/c 


whence 
noe OU cs, ee ee : P: z' 
an thy tgz? hæ +by'+fz' ETA +o! 


Therefore, the locus of the point of osculation (2’, y’, s’) 
is the cubic— 


O=a: (hetbytfz)(getfy ez) 0 


Since the point (x', y,’ z’) lies on the conic (2), it also 
lies on the locus 


R(ghe+hfy +fgz)=0, 
which may be written as 
2Ayz(hy +92) +2Bzæ( fe+he)+2Cay(ge+fy) 
+ (Anbo—Afgh— A oy: =0. 
If now we replace g, y, ¿by l/æ, 1/y, 1/2, the resulting 


equation will give a curve passing through the points where 


* Salmon—Oonic Sections, § 251. 


UNICURSAL QUARTICS 18} 
the line Arv+py+vz=0 osculates the quartic, j.e., the 
points of inflexion. 


Thus, the inflexions are found to lie on the cubio— 
W=2An* (gy +hz) + 2By!* (he+ fc) +2029( frt+gy) 
+ (4abe—4fgh— A )ryz=0. 


This cubic meets the quartic in twelve points, namely, 
twice at each vertex of the triangle of reference and the 
six inflexions. But the conic— 


&=ghyzt hfzat+fgry=—0 


is found to touch the cubic at the vertices, and consequently 
it passes through six of the twelve intersections, and hence 


by Cayley’s theorem,* the other six intersections, namely, 
the inflexions, must lie on a conic. 


The actual expression for the conic is obtained from the 
identity— 


KU +MW={2A(9G+hH )a*+ e + 


— (4fF* + 2ghA +3afA \yz— _ } 
where 


K = (afghA + bfghB + cfghC + 2bcghF +-2cahfG + 2abfgH ) 

and Me=f(gG+hH)c+g(hH+fF)y+h( fF +g9G)z. 
Thus the six inflexions lie on the conic— 
2A(gG--+hH)0* + + 
—(4fF*+2ghA+3afAlyz— — =0, 

č e., on the conic— 

2(aA*x* +o... -2fBOyz+...b...) 

—2A(Asz* + By? +02% —Fyz—Gze— Hry) 
+ A (afyz+bgze-+chey, =0. 


# Theory of Plane Carves, Vol. I, § 30. 
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Conte VIL: The siz points where the nodal tangents meet 
the quartic again lie on a conic.* 

Let A,, A,, B,, B, and C,, C, be the points, where 
the tangents at A, B, C respectively meet the quartic again. 

Let Az+puy+vz=0 represent the line C,C,, 

The lines joining the node C(0, 0,1) to the four points 
where C,C, intersects the quartic are given by— 

(ay® ba +2hry) (Art py)’ —2ry( fe + gy) (Ast py) 


+cv*n*y* =0, 
The nodal tangents ay* +be*+2hz2y=0 are one pair of 


these lines, and if 
Px? +2Quy+Ry*=0 


represents the other pair, by identifying the equation with 


m 


(ay* bæꝰ +2høy) (Pæt +2Qry+Ry’)=0 
we obtain, 
XK p: v=ægbe : fea —2(fE+gQ) 


and’ P:Q:R=b*eg* : fg(abe-+4fgh—2af*—2bg*) : atej”. 
Thus the line C,C, is represented by the equation 


be oy = fF +9G), 
— 2@-- — ————— 
aan fg 
Similarly, the lines A,A,, B,B, are represented by 
= ee 
g oth F 
and abay 7 pam, 


* The proof given here is taken from Prof. Hilton’s Plane 
Algebraic Curves, Ohap. XVII, p. 276. For a second proof, see 
Basset’s Oubics and Quartica, § 194. 
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But from the identity— 
(bat + ey? + 2fyz)(az* + cz" 4+292r)—cU 
=z? {abz* +-2(2fg—ch) ay + 2bhgze+2afyz} 


it follows at once that the four points A,,A, and B, B, 
lie on the conic— 


abz* + 2( 2fg—ch) zy + 2bgzæ + 2afyz=0 we (1) 
Consequently, the said four points also lie on the conic— 


k{abz* + 2(2fg—ch) cy + 2bgzx + 2afyz} 


_ § _2(gG-+H) ab :} 
=f- — 24 n 


fa — +, } 


If now we can show that this conic also passes through 
C, and O, for some value of k, the proposition is proved. 
In fact, in that case, for some value of k, the above 
equation will be symmetrical, and by comparing the 
co-efficients of æ°, y*, 2*, the required value of k is found 
to be— 


{2h( fF -+gG) +ab fg} /fgh* 
and for this value of k, the equation of the conic becomes— 
2bo(gG + hH)e* + e + + 
= a(abof+2begh-+4af*—Bfgh)ys+ © + 


It is to be noticed that the conic (1) passes through the 
nodes A and B. Thus we obtain the theorem: 


A conic can be described through any two nodes and the 


four points at which the tangents at these nodes meet the quartic 
again, 
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Conic VIII: The six points of contact of the tangents 
drawn from the nodes to the quartic lie on a conte. 


The method of proof is exactly the same as in the 
preceding case. 


Let the points of contact be denoted by a,,a,; ıs B, 
and y,, Ys respectively. 


The equations of the tangents are given in § 153. 


Proceeding as before, the lines a,a,, B, Bas yiys, are 
found to be given by— 


By/g+Cz/h=(gG+hH)x/gh 
Oz/h+ Au/ feb +f F)y/hf, 
and Ax/f+ By/g=(fF + 9G)z/fg. 
From the identity— 
(By* —2Fy:+Cz*)(Az* —2G2z2+Cz*)—AU 
= (Os? — Fyz — Gzæ + Hay)? 
the points a,,a,,8,,8, are found to lie on the conic— 
Oz* —Fyz—Gze+ Hry =0. 
Consequently, they must also lie on the conic— 
k(Oz* — Fyz—Qzz + Hay) 
={(By/g+Czjh—igG+hH)x/gh} 
{Aa/f+Oz/h+(hH+fF)y/hf}. 
This conic also passes through y, and y,, if we take— 
k= (fhE + ghG + fgC)ifgh*, 
and the equation then reduces to— 
aAta* +bB*y* +c0%2* +2f6BCyz + 2gC Acx-+2hABay 
= A (Av? + By! +02! —Fyz—Qze— Hay) 
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157. A geometrical proof of the theorem that the six 
intlexions lie on a conic is interesting.* 

The geometrical treatment is effected by the combination 
of the methods of projection and cyclic inversion. 


If two nodes are projected into the two circular points at 
infinity, the system of conics circumscribing the nodal tri- 
angle is transformed into a system of circles passing through 
a fixed point, namely, the projection of the third node. 
Since there are six inflexional tangents which correspond to 
six conics circumscribing the nodal triangle and osculating 
the adjoint conic, we have six circles passing through a 
fixed point and osculating the conic which is the projection 
of the adjoint conic. The centres of all these circles lie on a 
conic.t 


Now, invert cyclically with regard to the fixed point, 
Taking one of the circles, the end of the diameter through 
the fixed point lies on a conic C (similar tothe conic of 
centres). It is easy to see that the first negative pedal of 
the inverse of C is the inverse of the point of usculation, 
but the same negative pedal is the polar reciprocal of the 
inverse. Hence the polar reciprocal of the inverse of the in- 
verse of C is the inverse of the point of osculation, Thus 
the point of osculation lies on the inverse of the polar reci- 
procal of C, which is a conic, and its inverse is a trinodal 
quartic having the fixed point and the two circular points 
as nodes. This trinodal quartic then passes through all the 
six points of osculation. 


Now, going back to the original system, this quartic 
corresponds toa quartic co-trinodal with the original quartic, 
and the problem is solved. 


* This proof was communicated by Mr. A. O, Bose of the University 
of Calcutta. 

+ Malet’s Theorem—See Casey's Analytical Geometry (1893), 
p. 471, 
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Ee@.:1. Show that the bitangential conic, the conic through the 
inflexions and the conic touched by the inflexional tangents pass 
through the same four points, 

[If 8,, S, and S, are the conics respectively, prove that 


8,—28,-=3A8,]} 


Ex. 2. Show that the points of contact of tangents drawn from 
A and B are collinear, if the tangents from C are harmonic conjugates 
with respect to CA and CB. 

[The conic Cz*—Fyz—Gze+Hwy=O0 reduces to a pair of lines, if 
H=0 andthe tangents from O are then As’ + By?=0]. 


* 


Ex. 3, The tangents at C are harmonic conjugates w.rt. OA 
atid CB. Shew that tho points of contact of tangents drawn from A 
lie on a line through B, and that the remaining intersections of the 
curve with the tangents at A lie on a line through the same point. 


[We have h=0. The equation of a,a, becomes Ge—Cz=0.] 


Ew, 4. The nodal tangents meet the quartic again respectively in 
A,, 4.2; B,, B,;0,,C,. Shew that the intersections of A, A, and 
BC, B,B, and CA, C,C, and AB are collinear. 


[The line fs beghx + cahfy + abfgz=0.] 


Ex. 5. Find the condition that the eight points of contact of the 
bitangents lie on two lines [The bitangential conic degenerates. ] 


158. TricuspipAL QUARTICS: 


A unicursal quartic may have all its double points as 
cusps and it is called a tricuspidal quartic, The results 
‘established for a trinodal quartic are applicable, with 
some modifications, to tricuspidal quartics. A tricuspidal 
quartic can be projected into a Cardioid or a three-cusped 
hypocycloid, aud it is the reciprocal polar of a nodal cubic. 
Consequently, its properties can be derived from those of 
these latter three curves. 


If in the equation of the trinodal quartic, we assume 
that the tangents at each double point are coincident, we 
must have— 


f=+v be, g=+vca and h= + vab 
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Hence the equation of the tricuspida] quartic takes 
the form-- 


aj *4b/y?+o/.2 +2 vbe [yz +2 veajas +2 vabjiy=0 


We may take, without loss of generality, all the signs 
negative, Then putting Va r, Vb y, ve: for r, Y, : 
respectively, the above equation reduces to the form — 


L/c®+1/y? +1/:2—2/y:—2]:1— 2] iy =0 
or, y?z? +z??? t rty’? —Qryz(a+y+z)=0 (1) 
which may be written in the form— 
— 
—420 
The cuspidal tangents are «=y, y=: and :==., which 
evidently meet in the point «=y=z. 
Applying the quadric inversion, t.e. putting 1/X, 1/Y, 
1/Z for r, y, z, we obtain the equation of the adjoint conic 
X? 4Y’? +2 —2YZ—27X—2XY =0 
which can be written as— 
(X+Y—Z)?=4XY. 
Now putting X4+Y—Z=2uX, we obtain 4p? X* =4XY 
te, pP X=Y 
Again, we have 2uX(X+Y—Z)=4XY 
p(X+Y—Z)=2Y, and consequently (l—p)’'X=Z 
Thus X Y:Z=1 e (l—p) 
and consequently, 
tx y el: fs ae 
=p*(1—p?) (lp) tpt 
í. e., the co-ordinates are expressed in terms of a para- 
meter m. i 
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Writing the equation (1) in the form 
(yzbiet ary)? =4iye(c+y +z) 

it is at once evident that the line 1+y+z=0 is the only 
bitangent which is also real. The points of contact are 
its intersections with the conic yztzr+.y=0. It will 
thus be readily seen that the points of contact are real, 
when two of the cusps are imaginary, and imaginary, when 
all the cusps are real. 


159. Turorem Any tricuspidal quartic may be project- 
ed into a three-cusped hypocycloid or into a Oardiotd. 


Since any triangle can be projected into an equilateral 
triangle such that any given point may coincide with any 
given point, we may project the tricuspidal quartic, such 
that the cuspidal triangle projects into a real equilateral 
triangle whose centre of gravity coincides with the point of 
concurrence of the cuspidal tangents. The projection is 
then a three-cusped hypocycloid, or again, if we project the 
points of vontact of the bitangent into the circular points at 
infinity, the projection is a three-cusped hypocycloid, which 
is a tricuspidal quartic, the line at infinity touching it at 
the circular points. 

If, however, we project two of the cusps of a tricuspidal 
quartic into the circular points, the projection is a limagon 
with a finite cusp, ¢.e., a Cardioid, which is the inverse of 
a parabola w.r.t. the focus. 


Eo,-1. Show that the theorem that the three inflexions of a nodal 
cubic are collinear reciprocates into the theorem—The cuspidal 
tangents of a tricaspidal quartic are concurrent, 


Ew. 2. Three conics are drawn through the cusps touching the 
curve elsewhere. Show that the remaining intersections of the conica 
are collinear. s 

[By inverting w.r.t, the focus ofa parabola, tho theorem that the 
oirolo circumscribing the triangle formed by three tangents passes 
through the focus, we obtain a Cardioid and three circles through the 
finite cusp, touching it, with their other common points collinear, 
which, when projected into a tricuspidal quartic, proves the theorem.) 
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160. QUARTICS WITH A NODE AND TWO CUSPS: 

When the nodes B and C of the trinodal quartic (§ 153) 
reduce to cusps, we must have ca=g*® and ab=h', and 
the equation of a quartic having a uode at A and two cusps 
at B and C may be written as— 


ale? +b/y? vcz? + 2fyz+2Vca/zx+2Vab/ay=0. 
Now replacing r, y, z respectively by 
Vag, Vby, Vez, 


we may write the equation, taking the negative sign in the 
ambiguity, in the form— 


B,1,1,  _2 2.5 


o3 yò 2% yzvbo zæ xry 





i.e. y’z? Az’ uwt aty? + ŽE atys —2uy2?z—2ryz* =0 
c 


which may again be written as— 
y?z? 42°08 party =2ryz(ket+y te) — I) 


In order to express the equation in the parametric form, 
consider its intersections with a conic through A, B, C, 
touching the cuspidal tangent at B(say) ; for instance— 


the conic y(z—r)=tzx 


meets the quartic in a variable point whose co-ordinates 
can ke expressed in terms of ¢. 


W riting the equation (1) in the form 
(yzt:æt zy)? =2ecyz{(k-+1)a+2y +22} 
it is at once inferred that the line 
(k-+1) 14+ 2y4+22=0 
is a bitangent, the points of contact lying’on the conic 


yz t:e tay =0, 
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Eliminating 2 between this equation and the equation 
of the bitangent, it is found that the lines joining the 
points of contact to the node are given by 


2y? +229 —(k—3 'yz=0. 


The line joining the inflexions may be obtained by consi- 
dering the intersections of the curve and its Hessian, and 
if e be eliminated between their equations, we obtain the 
equation of the lines joining the inflexions to the node A in 
the form— 


9(k+1)(y? +:°)=2 k? +-h+4+16)y:. 


The reciprocal of a quartic with one node and two 
cusps is a similar quartic, and consequently each of its 
properties can be duplicated by reciprocation. When the 
cusps are projected into the circular points, the curve 
becomes the inverse of a conic with respect to a focus, t.e., a 
limagon. 


Ee. 1. Show that the bitangent, the line through the cusps and the 
inflexional line are concurrent. 


Ev. 2. If a quartic has cusps at B and C and a node at A, show 
that the points of contact of the tangents drawn from the cusps and 
those of the bitangent lie on a conic through the cusps, 


Ew 3. Prove that the cusps, the inflexions and the points where 
the nodal tangents meet the quartic again lie on a conic. 


Ex, 4. Prove that the inflexions are unreal or real, according as k 
does or does not lie between 1 and 7. 


Er. 5. Prove that the locus of the intersection of the tangents at 
the extremities of a nodal chord is a nodal cubic through the cusps. 


(This can be easily established by projecting the cusps into the 
circular points at infinity. The projected curve is a limaçon, the 
corresponding theorem becomes—The locus of intersection of the 
tangents at the extremities of a nodal chord is a nodal circular enbic, 
Or, prove it directly from the equation of the curve. ]} 
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161. THEOREM 


In a quartic with two cusps and a node, the nodal tangents, 
together with the lines joining the node to the intersection of 
the cuspidal tangents and to that of the bitungené with the line 
through the cusps, form a harmonic pencil. 


Let the equation of the quartic be taken in the form— 
yrs ste? Hay =2ys(ke+y+-) (1) 


Let P be the intersection of the cuspidal tangents and Q 
the point where the bitangent meets the line BC through 
the cusps. 


The tangents at the cusps B and C are respectively 
z—2=0 and r—y=0 
so that the equation of AP is yz (2) 
The bitangent is the ine— 
(KA L)o+2y +22=0 
so that the line AQ is given by— 
y+:= (3) 
The nodal tangents are given by— 
y? +:°—2ky:=0 
Writing k=cosh 0, these taugents become— 


0 


y—ze =0 
y= "0 ? a 


which shows that the four lines (2), (3) and (4 forma 
harmonic p8ncil. 


If the two cusps are projected into the circular points 
we obtain the theorem: In a limaçon, the nodal tangents 
the line jouning the node with the triple focus and the line 
drawn through the node parallel to the bitangent form a 
harmonic pencil, 
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162. QUARTICS WITH COMPLEX SINGULARITIES EQUIVALENT 
TO THREE DOUBLE POINTs : 


J. Quartics with a tacnode and another double point 


We shall show that a tacnodal quartic can also be 
obtained from a conic by the application of the quadric 
transformation already explained. 


The equation of a quartic having a tacnode at C with 
y=0 as the iacnodal tangent may be written as— 


(ys—ma*)(yz—m's* ) 
sary a+ by? z+ cesty +de’ y? tery? +fy* 
If we suppose that the point B is a node, we must have 
f=b=e=0, and the equation reduces to— 


(yz—me*)(yz—m'c*) any +e: 3y +dey?  ... (1) 


Writing this equation in the form— . 
(yz)? HBa (yz) +e Uyy) Fae)? 
+e(a*) (zy +f (2y)"=0 


it is seen that it is a quadratic function of (ey), (a) and 


(yz). Hence, replacing r, y, z respectively by «y, «*, yz 
in the general equation of s conic, we obtain the equation 


of a quartic with a tacnode and a node. 


Thua, if we write— 


a y'i zmay: g yz 


we obtain reciprocally— 
ary =y x yz 


so that by applying. a special quadric transformation,” 
we may study the properties of this quartic. 


* Theory of Plane Curves, Vol. I, § 218 (1). 
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Similarly, when the node is a cusp or the tacnode 
‘becomes a node-cusp, we may obtain similar transforma- 
tions, so that the theory applies to the case of unicursal 
quartics with two distinct double points, one of them a node 
or cusp and the other a tacnode or a node-cusp. 

In particular cases, the above equation can be reduced 
to a simpler form, for instance, the sides ¢ and « may be 
taken as the harmonic conjugates of the nodal tangents at 
B, we must have then a=0 and the equation (1) 
becomes— 

(ye—ma? )(yz—m'a? )= 08 y(cx4+-dy) 


or, the same may be reduced, by changing constants, to 
the form— 


(yst xt)’ =(1—e)a"{x* +pcy+qy?} (2) 


If B is a cusp, we must have d=0, če, q=0. 


Ex. 1. Obtain the equations of the bitangents of the quartio - 
(yz +a)? =(1—e)@*(a* + poy + gy*) 


[The bitangents are 2z=(1+ ve)(ps+qy), the points of contact 
lying on the conic 
2yz + 2g? = (1—e)(20? + pay + qy*)] 


Ee, 2. Prove that the points of contact of tangents drawn from 
A lie on a conic which touches the quartic at the tacnode. 


(The first polar (polar cubic) of A consists of the side BO and the 
required conic. ] 

Ex. 3. Prove that the ratio of the radii of curvature of the two 
branches of the quartic (any curve in general) is unaltered by 
projection. 

Ee, 4, Show that the equation 

yz? + syw, +u,=0 
represents a quartic with a tacnode at C. Obtain its equation when 
B is a node or a cusp. 


25 


‘304 THEORY OF PLANE CURVES 


II, Quartics with an oscnode : 


The equation of a quartic with an oscnodeat C is of 
the form— 


(yz—mz*)* tony (yz—ma*) +dy*z+exty* + fry? +gy* =0 
which is evidently a quadratic function of y:—mz*, ry and 
y’, and from the transformation— 

aw y 
we obtain reciprocally 


f J=æry y?  ysmme? 


s y z=xy y’ yz =m" 


Thus the theory also extends to this case as well,* 


i.e, we may obtain its properties from those of a conic by 
quadric inversion. 


For particular values of the constants, the equation can 
be made to represent a quartic with a tacnode-cusp. 


Ex, Obtain the equation of a quartic with a superlinear branch 
of order three in the form y*z=(8ay*—~@*)*. (See Theory of Plane 
Curves, Vol. I, § 266.] 


III. Quartics with a triple point : 


A quartic with a triple point is also a unicursal 
curve, but the foregoing method is not applicable. In this 
case, in order to express the co-ordinates of any point in 
terms of a parameter, we consider a line drawn through 
the triple point, which intersects the curve in only one 
other point. 


Thus, if C is the triple point, the equation of the quartic 
is 2u,==u,, wherew, and u, are polynomials of order 
three and four respectively in x, y. 


Now, consider the line y=tz. The intersections are 
given by 2@,=2@,, where ®©, and @, denote cubic and 
quartic functions of 4. Hence #: y :z=0, : t0, : @,. 


{ 


* Theory of Plane Curves, Vol. I, § 218, 
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By a suitable choice of the constants, the equation of 
the cubic can be reduced to simpler forms. Suppose that 
the real tangents at the triple point are 2x, y, (#+y), so 
that u,=ry(c+y). Replacing zby <z+pa+qy and then 
determining p, q such that the co-efficients of z*y and 
zy? are zero, the equation can be written in the form— 


ayz(a+y)=act +2hey? + by* (3) 


If any two points of the quartic are projected into the 
circular points and then the curve inverted with respect to 
the triple point, we obtain a unicursal cubic. Hence from the 
properties of a unicursal cubic, we may deduce the proper- 
ties of a quartic with a triple point. (See Ex. 5, § 124.) 


Thus from the theorem that the tangentials of three 
collinear points of a cubic are collinear, we obtain the 
theorem : 

The three conics osculating a quartic at the triple point 
and passing through two other points on the quartic meet 
the quartic again in points lying on a conic through the three 


points. 


Ex, 1. Show that the quartic «5y=2* has an undalation and that 
it is the reciprocal of a curve of similar nature. 
Ee. 2. Prove that 
Jp+VqtvVvre+v/8 =0 
represents a quartic with a triple point, having p, q, 7, s as bitangents, 


where p, q, 7, s are such that the lines ps, q=s and ræs are 
concurrent. 


Ee, 3. If the equation of a quartic with a triple point can be 
reduced to the form— 


wye(a+y)=an* + 2hety? + by* 
point out the relation with the sides of the triangle of reference. 


Ea, 4. If two tangents at the triple point at O coincide with the 
line z =0, the equation can be put into the form — 


z*yz=ax* + y?’ (2w +y). 


Show that the inflexions lie on the conic 3yz+2ze=2ae 


198 THEORY OF PLANE CURVES 


168. UNICURSAL QUARTICS WITH FLECNODES AND BIFLEC- 
NODES: 


If O is a flecnode on the trinodal quartic (1) of § 153, the 
co-efficients of z and z* should have a common linear factor, 


T.e., ay(fetgy) and bx*+2hzy+ay? 
must have a common linear factor, which requires that 
2fgh=af? + bg* 
Similarly, when B is a flecnode, we must have— 
2fgh=ch* +af*. 
Both these conditions are found to be satisfied, if we put 
a=4h*q,b=p/(p+q)*,c=ftp and g=2fh(p+q), 


so that the equation of a quartic with flecnodes at B and C 
can be written as— 


4h? qy*2? + pz?x? /(p-+q)* +4f% pxry? 
+20y2{ fr+2fh(p+q)y thz} =0 we U) 


If A is to be a flecnode, we must have p=q, and the 
equation reduces to a perfect square. Hence, we obtain the 
theorem that a quartic cannot have more than two flecnodes. 


Assuming suitable values for the constants in the equa- 
tion (1), it may be reduced to the simpler form— 


2( f—U)y?2? +22 + ety? + 2feyz(a ty +2) =0 
In the'case of a biflecnode, ry(fe+gy) should contain 
bz? +2hzy +ay’ 
usa faetor, and this requires that f=g=0. 
The equation of a quartic with three biflecnodes is— 


ajæ’ +b/y* +¢/22 =0 va 2) 
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In order that the quartic may be real, it is necessary 
that the sign of one of the constants should be different 
from those of the other two, If now we write —c for c, 
it follows that when a, b, c are all positive, the nodal tan- 
gents at A and B are all real, while those at C are imagi- 
nary. Hence, of the three biflecnodes, one is an acnode 
and the other two crunodes. 


Putting Va x, Vb y, vcz for 2, Y, z respectively, 
the equation of such a quartic can be written as— 
——— 


The tangents at the crunodes A and B are y-+2 and 
z+ respectively, which forma quadrilateral with diagonals 
intersecting at (0, 0, 1), 2.e., the acnode. 


The co-ordinates of any point on the curve (3) may be 
expressed in the form 


æ y:eml/(l—f?) 1t 1/(1+4¢*) 
or, =sec 0 : cosec : 1, where t=tani6. 


Again, the quartic may be real, if two biflecnodes are 
imaginary and the third one real. 


Consider the equation— 
AB? y? + pyta’ +va* p’ = 
where a, 8, y are any real or imaginary lines forming a tri- 
angle, 
If now we put a=xr, B=y+ikz, y=y—ckz, the equation 
can be written in the form— 
® 


Aly? + k?z? )? —x? (py* —Zkqyz —pk*2*)=0 


This is then the equation of a quartic having a real 
biflecnode at A and two imaginary ones at the points where 
æ intersects the lines y+ckz and y—tkz. 
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If now we change the constants, t.e., put 
k=l, andX p v=l ——. 


the equation of a quartic having a real biflecnode at A and 
two imaginary ones at the points where the lines y+7z, 
y—tz.meet the side x can be put into the form— 


⸗ 


(y* +23)? =2e%yz 


If, again, the line æ moves off to infinity, and y, z are 
two rectangular axes through the real node A, we obtain the 
equation in the form— 


(y? +2*}? =2a* yz 


i.e. r? =a°sin 20, 


which is the lemniscate of Bernoulli. 


Ex. 1. Obtain the equation of a quartic having a pair of flecnodes 
at B and C and a cusp at A in the form— 


2(A/@ + ujy + vz)? = 4A(A/@ + v/s) 
Eg. 2. Find the bitangents of the quartic in Ex. 1. 


Ew. 3. Shew that every quartic having three biflecnodes may be 
projected into a lemnisvate of Bernozlli. 


Ee, 4. A quartic has flecnodes at B and C anda node at A. Show 
that the points of contact of the tangents drawn from A, B, O lie on 
a conic passing through B and C. 


Ez. 5. The points where the tangents at A, B, © meet the quartic 
again lie on a second conic through B and C. 


Es. 6. Show that a unicarsal curve cannot have— 
(i) a flecnode and two cusps (ii) a fleenode and a biflecnode 


(ii) a biflecnode and a cusp. 


CHAPTER IX 
Brinopat AND BICIRCULAR QUARTICS 


164. QUARTICS WITH DEFICIENCY ONE OR TWO: 


Quartics with deficiency one or two have been studied ir 
connection with the theory of bitangents. Thecase when the 
quartic is of deficiency two has received little attention and 
no attempt is made for a complete discussion here. Quartics 
of deficiency one, t.e., possessing two nodes (or cusps), 
specially the case where these are the circular points at 
infinity, have been exhaustively studied under the name of 
bictrcular quartics.* All the projective properties of these 
curves may therefore be derived from those of binodal 
quartics, although some may be obtained directly. Quartics 
with two cusps at the circular points have been studied 
under the name of Cartesians,t whose properties may again 
be derived from those of bicuspidal quartics. We prefer to 
insert at the end of this volume (Appendix II) some of the 
results as obtained by Dr. Casey. 


It will be noticed that bicircular quartics belong to the 
species IV, VIJ or VIII and the Cartesians belong to the 
species V1, IX or X, 


The case when one circular point is a cusp and the other 
a node on a quartic, when the curve is certainly imaginary, 
has accordingly been little noticed. It may be pointed out 
that for a binodal quartic a theory of the inscription of 
polygons, analogous to Poncelet’s theory in regard to conics, 
has been developed by Steiner.{ [See the references given 
under articte 14. ] 


* For disoussion of the complete theory, see Casey’s paper—Proo, 
of the Royal Irish Academy, Vol. 10, p. 44 (1869). 

+ Oayley—This curve was first studied by Des Cartes, Liouville— 
Vol. 15, p. 354. 

t Steiner—Geometrische Lehrsdtee, Crelle, Bd. 82, p. 186 (1846), 
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165. Tae EQUATION OF A BICIRCULAR QUARTIC: 


The general equation of a quartic curve is— 
Uo Fu, tu, tu, +u, =0 


where u,=0 represents four right lines drawn through 
the origin, parallel to the asymptotes vf the curve. 

If the curve passes through the circular points I and J, 
the circular lines y+is=0 are parallel to the asymptotes 
whose points of contact are at I or J. If, again, I and J are 
nodes on the curve, the nodal tangents at each of I and J 
reduce to two coincident tangents, which are consequently 
two coincident (asymptotes of the curve. Hence, the four 
asymptotes reduce to a pair of coincident lines, parallel to 


y +iv=0 
Thus, u, =(y Fis)! = (x° +y*)* 


Again, each of the lines y+is=0 must meet the curve 
m two coincident points at I or J. 


Let u, =E ax? +3bxr* y+ 3cxy* +dy? 


‘Substituting y=-+7% in the equation of the curve, we find 


0. æ + (a+37b— 3cFid)æz? + const. x3 +const. +u, =0. 


‘Now, since each of the lines y+7z=0 meets the curve 
in two points at I or J, two roots of this equation should be 
infmite, i.e., the co-efficients of the two highest powers of « 
should vanish. 

The co-efficient of æ* is zero; the co-efficient of z* will 
be zero, if 

a+326—30+id=0 


~whence 8b=d and 3c=a. 


n a, O(a" y*)(ax4+dy). 
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Thus the equation of a quartic having two nodes at the 
circular points I and J may be written as— 


k(2* +y’)? +(x? +y?)(ac+dy)+u, +u, +u,=0; 
i.e., in the form— 
(oF by? )* +2(le + my) (1? ty’) 


+ ax? + 2h ry tby’ +2914 2fy+c=0 (1) 


This equation contains eight independent constants, as 
it should be; for the general equation of a quartic contains 
14 disposable constants ; that I and J are nodes on the curve 
is equivalent to six conditions, and consequently reduces the 
number of constants by six. 


166. OTHER FORMS OF THE EQUATION: 


The above equation can be written in the symbolic 
form — 
rt +2u,7r* +0, +v, +0, =0. 


Adding and subtracting u,? to the equation, we obtain— 
(r* + 2u,7* put ) =u — — V5 
T.e., (r? +u,)*=u2—v,—v,— Vv. 


Now, r? +u, on the left evidently represents a circle and 
the right-hand side is the equation of a conic. Hence the 
equation of a bicircular quartic can be written in the form 
O*=S, or,*C*=I1S, where C isa circle, S is any conic, 
and I is the line at infinity. 


The second form of the equation shows that the conic S 
and the line at infinity each touches the quartic at the points 
where the quartic is met by the circle ©. The circle meets 
the quartic twice at each of the two circular points at 


26 
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infinity and in four finite points, and-at these four points 
the conic S touches the quartic. The line at infinity meets 
the circle at the circular points, which are two nodes on the 
curve. 


Conversely, if the equation of a quartic can be brought 
to the form C*=S, where C is a circle and 8 any conic, 
the curve is a bicircular quartic. 


Again, we may write— 
(C+h)*=S+2kC +h? 


te, C’'*=S’, where C’ represents a circle and S' represents 
the ‘conic S+2kC+kh?. 


Now, since there is only one constant k involved in this 
reduction, the equation can be reduced to the above form 
in a singly infinite number of ways. The circles C+h 
evidently have the same centre for all values of k, ie, it 
represents a system of concentric circles. 


Es, Slow that the cquation of a bicircular quartic can be written 


in the forni— 
au? + bv? + cw? + 2fuw + 2gwu + 2huv=0 


where u, v, w represent three circles. 


167. Generation or BINODAL AND BICIRCULAR QUARTICS : 


We have seen that the equation of a quartic can be 
expressed as a quadratic function of U, V, W, where 
U, V. W represent three conics. Thus we may regard its 
equation reduced to the form UW=V*, without loss of 
generality. For a non-singular quartic, these conics cannot 
have a common point, for, the common point becomes a 
double point on the quartic. In the case of binodal quartics, 
however, U, V, W may be taken as three conics passing 
each through the two nodes. Thus a binodal quartic may 
be regarded as the envelope of — 


ASU + 2AV + W=0, 
where U, V, W are three conics through the two nodes, 
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If the two nodes are at the circular points at infinity, 
i.e. in the case of bicircular quartics, the conics U, V, W are 
all circles. Hence we may regard a bicircular qwartic as the 
envelope of the variable circle— 


MU+2A\V +W=0 
where U, V, W represent three circles. 


Again, the enveloping conic A7U+2AV+W=0 touches 
the quartic at the four points given by— 


JU + V=0, AV+W=0. 


Now, when U, V, W are all circles, besides the two circular 
points, the two circles AU+V and AV+W intersect 
in two other finite points, which are the points of contact 
of the enveloping circle with the bicircular quartic, 


Therefore, each of the variable circles AU +2AV-+ W=0 
has double contact. with the bicircular quartic, the chord of 
contact being the radical axis of the two circles— 


AU + V =0, AV+W=0. 


Now, if Il, M,N be the linear parts in the equations 
of U,V, W_ respectively, the radical axis is— 


\(L—M)+(M—N)=0, 


which evidently passes through the fixed point L=M=N, 
i.e., the radical centre of the three circles U, V, W. 


Thus the enveloping circle has double contact with the 
bicircular quartic, the chord of contact always passing 
through a fixed point. 


Eo, Show that at the point of contact of a tangent drawn from 
the radical centre of U, V, W, a circle can be drawn having four-point 
contact with the curve, and that these points are equidistant froin the 
radical centre. 
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168. It is proved in Treatises on Conics* that the 
Jacobian of three circles consists of the line at infinity and 
another circle which cuts them all orthogonally and that 
the Jacobian of three circles included in the form— 


lU +mV +nW=0 
is the same as that of the circles U, V, W. Hence, the 
circles included in the above form, and in particular, in the 
form— 
MU +201V +W=0 
have a common Jacobian, /.e., a common orthogonal circle. 
Thus the enveloping circles always cut a fixed circle ortho- 
gonally. 
Again, if Cer, 41521), (res Yas čs) and (5, Ys, 25) 
are the co-ordinates of the centres of the three circles 


U, V, W, the co-ordinates of the centre of the variable 
circle are given by— 


ay zd +2Ar te, Ay, +2Ay, tys 
Aaz, +2Az, +25 


Eliminating » between these equations, we obtain the 
locus of the centre æ, y, z as a conic. Hence, from what has 
been said in the preceding article, it follows that— 


The bicircular quartic UW=V* may be regarded as the 
envelope of a variable circle whose centre moves along a fired 
conic and which cuts a fired circle orthogonally. 

When U, V, W are conics through the two nodes of 
the binodal quartic UW=V*, it may be regarded as 
the envelope of the variable conic— 

APU +2AV + W 
passing through the fixed points; the variable conics have 
a common Jacobian conic J, and the locus of the pole of 


the line joining the fixed points w.r.t. the conics of the 
system is a fixed conic F. 


* Salmon—Conics § 388, Ee. 3, 


+ 
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Ex. 1. If the conics J and F touch, show that the point of contact 
is an additiona) node of the binodal quartic. 


Fe, 2. If J and F touch twice, show that the quartic reduces to 
two conics. [The quartic has four nodes, etc.] 


Ex 3. If the conic F passes through a node of the binodal quartic, 
the node reduces to a curp, and when F passes through both the nodes, 
the quartic becomes a bicuspidal quartic. 


Ex. 4. Jf tho locus of centres F is a circle for a bicircular quartic, 
the curve becomes a Cartesian. 


Ex. 5. When F touches the lino joining the nodes, show that the 
quartic reduces to a cubic and the line; and deduce that if the conic 
of centres of a bicircular quartic is a parabola, the quartic degenerates 
into a circular cubic together with the line at infinity. 


169. THE CONVERSE THEOREM: 


The envelope of a variable circle whose centre moves 
along a fixed conic and which cuts a fixed circle orthogo- 
nally is a bicircular quartic. 

Let a3 +y? +2fe + 2gy+-c=0 (1) 
be a fixed circle, 
and wfat-y?/b§=1 (2) 
be a fixed conic. 


The co-ordinates of any point on the conic may be taken 
as (acos, b sin @), and the equation of a variable circle of 
radius r, w th centre (acos 6, bsin 6) may be written as— 


(x—a cos 0)? +(y—b sin 6)? =r? (3) 
Now, the condition that this circle cuts (1) orthogonally 
gives 
(acs 0+f)*+(b sin 04g) =(f* +g? —c) +r 
ie., 1ri=c+2af cos 6+ 2bg sin 6-+a* cos? 04-b° sin? 6... (4) 


Ehminating r° between (3) and (4), we obtain the 
equation of a variable circle which cuts (1) orthogonally 
and whose centre moves aloug (2). 
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The equation of the variable circle thus becomes— 
æ? +y? —2ax cos 6—2by sin 0=c + 2af cos 6+ 2bg sin 6 
or, 2a( r +f) cos 64 2b(y+ 9) sin 0= r? +y* —c (5) 
In order to determine the envelope of (5), as @ varies, 
we differentiate it with respect to 6, and obtain— 
—2a(z+f) sin 0+ 2b(y¥+9) cos O=0 (6) 
Squaring (5) and (6), and adding, we obtain the envelope 
of the variable circle (5) in the form— 
dair tf)? +409 (y+g)%=(c2-+y*?—c)? (7) 


which represents a bicircular quartic. 


170. CENTRE OF INVERSION: 


Transferring the origin to the centre (—f,—g) of the 
fixed circle, the equation (7) reduces to— 


Aa's? 4b9y? = {x +y? —2fe—2gy +5" }*, 
where ô is the radius of the fixed circle, 


Te., 4(a? 2? +b’ yt) = (r? —u, +8*)? (8) 

If now the quartic be inverted, referred to the new origin, 
with respect to the fixed circle, it is inverted into itself. 
For, the inverse of (8) is— 


8+ x _ 5* 53 r 3 
ty (ate +b*y*)= fiut ? 
or, A(ata® Hby) = (0n, +99)! 


t.e., the curve is self-inverse with regard to the fixed circle. 


It is on this account that the centre (—f,-g) of the 
fixed circle is called the centre of inversion, and the fixed 
cirele is called the circle of inversion. The variable circle is 
called the generating circle. The fixed conic is called the 
focal or ‘deferent’ conic; for, as will be shown later on, it 

passes through four foci of the quartic. 
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171. THEOREM: 
There are four circles of inversion and four corresponding 


focal conics associated with any bicircular quartic. 

Taking the centre of the fixed cirele as origin and the 
axes of co-ordinates parallel to the principal axes of the 
conic, the equation of the quartic can be written as— 

a'g? +b'y? +2f' + 2g'y+o'=(u*+y?)® (9) 
or, introducing a parameter À, 
(a! —2A)et + (b'—2A)y? +2fc+2q'y+e' HA’ 
= (e? +y? A)’ (10) 

The conic— 

(a! 2d) e? + (b'—2r)y? +2f'c+2g'y +c! +A? =0 
evidently touches the quartic at four points lying on the 
circle e? +y =À. 

Now, this equation can be written in the form — 


(aar) for AF — tg A} 


2g'y '3 
— 24 g 
PN 2d) fyr von tS aK | 


13 


+ feta Faye La het ee 


— SLO sats es f 5 
Tela (a 2X) jet in ? +(b ) y+ b’ —2Qr 


‘ f" g? 
+ feta Eaa ea aD 


Thus, if this is to be of the same form as (7) of § 169, 
we must have — 


—— — — =0 
—2. v/—2r 


which is a biquadratic in A and gives four values of À. 
Hence there are four different ways of reducing the equation 
of a bicircular quartic to the form (7). 
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Corresponding to each value of A, we obtain a circle of 
inversion and a corresponding focal conic. By comparing 


the equation (11) with (7) of § 169, we obtain— 


da? =a'—2r; 464 =b —2d; — , c=r 


7 go 
ma 9 Fa 
+ Therefore the equation of the focal conic is— 
dæ {(a’ —2X) + 4y’ /s.b'—2A) = 1 (12) 
which represents a system of confocal conics for different 
values of A. 


The equation of the circle of inversion becomes— 


2'e oy. ; 
a! —2À + yD WAS 0 (23) 


which represents a circle whose centre is the point 


— 
—J— a’—2r’ in) 


Eliminating A between the three equations— 


sty’ t 





Se. aa te 9 a Oe 
oS Paar 2 Pao ey iN 
the four centres of inversion are given as the intersections of 


the two rectangular hyperbolas-— 
(a'—/)2y+f'y—g'e=0 
and 4f'g'(c* —y*) +4(g'*—f" ay 
+9! (4e —a’*) e +f b —4c’)y — (a! ~b') f'g' =0. 


Therefore, by, a known theorem in conics, it follows that 
the four centres of inversion ure such that each is the 
orthocentre of the triangle formed by the other three. 


Thus a bicircular quartic may be regarded as the 
envelope of a variable circle which cuts any of the four fixed 
circles orthogonally and whose centre moves along any of the 
four corresponding confocal conics (focal conics). The centres 
of these four fired circles are such that each is the orthocentre 
of the triangle formed by the other three. 
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172. Foca conics: 


The four points of intersection of a circle of inversion with 
the corresponding focal conic are the foci of the bietrcular 
quartic, 

Let P, Q, R, S be the four points of intersection of the 
fixed circle with the fixed conic (§ 169). 


Consider the variable circle with centre at the point P, 
cutting the circle of inversion orthogonally. If r be the 
radius of the variable circle and r' that of the fixed circle, 
since the two circles are orthogonal, we must have— 

r3 =r ty? 
whence r=0; v.e., the variable circle is of zero radius, or a 
point-circle. But each generating circle has double contact 
with the quartic (§ 167). Hence, at P we havea point 
circle which has double contact with the curve, z.e.. the 
point P isafocus. Similarly, the other three intersections 
Q, R, S are also foci of the bicircular quartic. 


Since there are four circles of inversion and four corres- 
ponding focal conics associated with any bicircular quartic, 
we obtain Dr. Hart’s theorem, namely, there are sixteen foci of 
a btetreular quartic, which lie on four circles, four on each circle, 


173. A THEOREM ON BINODAL QUARTICS: 


The above theorem can be deduced froma more general 
theorem on binodal quartics, namely,— 


The anharmonic ratios of the two pencils of four tangents, 
which can be drawn to a binodal quartic from the two nodes, 
are equal.* , 


The equation of a binodal quartic, having nodes at the 
vertices B amd C of the triangle of reference, is— 


y?r? + 2cy2(my + nz) 
+e’ (ag? + by* + 02° + 2fyz+ 292n + Qhry)=20, 
* Of. Oayley—“ Memoir on Polyzomal Ourves”—Qoll, Papers, 
Vol. 6, p, 529 (1868). 
27 
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The pairs of tangents at B and C gre respectively given 
by— 
23+ 2mze +b =0 and y*+2niy+eou.*=0. 


Now choose y and z to be the harmonic conjugates of æ 
with respect to the nodal tangents at U and B respectively. 
This requires that m=0 and n=0, and the nodal 
tangents are— 


z3 +b? =0 and y°’+ceet=0. 


The equation of the quartic can then be written as— 
fEy’:? +e (ae? tby’ tez? +2fy2+ 2qzu4+ 2hry)=0 (1) 


The equation of the four tangents drawn from the point 
B may be obtained by first writing down the equation of 
the first polar of B and then eliminating y between this and 
the equation of the curve. But the result of elimination 
of y between the first polar dfidy=0 and f=0 is the 
same as the condition for a double root of the equation f=0, 
regarded as an equation in y. Thus, the equation of the 
tangents is— 


(2° + bw? )(ax® +2gze 4e: ) =f (fz+hre)’ 
(ab—h?)a* + (2by—2fh) 32+ (a+ be— f )st:? 
+ 2grz? +c2*=0 (2) 
The six anharmonic ratios of this pencil are given by 


12* (5 - 4 L* 


ÜT GFI o eL (>) 


where I and J are the invariants of (2). 


* Burnside and Panton—Theory of Equations, Vol, I, Bx. 16, 
pp. 148-150. 
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But I==c(ab—h*)—4. oq ft) +8, a i 


=abe—ch* —g(bg— fh) +z (a+ be-—f? )§ 
=abc—ch? —bg? +-fgh t+ 3zla + be—f? )* 


E E — e42 ab, — ) “9 


—(ab— ht) Af mo, Mega fh? _ (at dom ft)! 


— — — 


16 16 216 
ie, 63-2 (abe—ch*)(a+bc—f*) +3(bg* —foh)(a+be—f*) 
— ig" (ab—h* )\—3c(bg—fh)* — xala + bef"). 
=(abe—ch* —bg? —ifgh)(a+be—f*) —$f? (ch! +bg*) 


+ 3bofgh+ 3g*h® —35(a-tbo—f*)°. 


Thus we see that I and J are symmetrical between b 
and c, as well as g and h; and consequently the equation (3) 
remains unchanged when we interchange b and c, as also 
g and h. But, by this interchange we obtain only the 
equation of the four tangents drawn from C. Hence the 
anharmonic ratios of the two pencils are equal. 


Since the two pencils are homographic, a conic can be 
described through the points of intersection of the corres« 
ponding rays of the two pencils, which also passes through 
the nodes. Again, since there are four orders in which the 
legs of the second pencil can be taken without altering: the 
anharmonic ratio, it follows that the sixteen points of inter- 
section of the first pencil with the second lie on four conics, 
each passing through the two nodes. 

In the case of a bicircular quartic, the nodes are at the 
circular points and the points of intersection of the tangents 
become the foci of the curve, whence the truth of Dr. Hart’s 
theorem follows. 
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174. FOUR MUTUALLY ORTHOGONAL CIRCLES QF INVERSION: 


Let P, Q, R, S be four concyclic foci, t.e., the four points 
in which a circle of inversion intersects the corresponding 
focal conic. Let PR,QS; PQ, RS; and PS, QR respec- 
tively intersect in the three points A, B,C. The triangle 
ABC is self-conjugate with respect to all conics through 
PQRS. Hence it is self-conjugate with respect to the circle 
of inversion, and consequently the centre of the circle is 
the orthocentre D of the triangle ABC, and the four points 
A, B, O, D are such that each is the orthocentre of the 
triangle formed by the other three. Thus we may state 
the following theorem : 

The centres of three circles for which the bictrcular quartic 
ts self-inverse are the vertices of the common self-conjugate 
triangle of the fourth circle and its focal conic. 





Now, with centres A, B, C, describe three circles U, V, W 
such that the orthocentre D is the radical centre of the three 
circles, Then the circle of inversion intersects orthogonally 
each of U, V, W, and consequently also the circle— 


lU +-mV +2W=0 


But the envelope of 1U+mV+nW=0 is the bicircular 


quartic— 
AU? + uV’ +7W'*=0 


provided — w (1) 
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The co-ordinates of the centre of the variable circle are 
found to be proportional to l, m, n. Hence, from (1) 
the centre moves along the conic— 


#7/A+y*/p+22 v=0 (2) 


which is a conic w.r.t. which the triangle ABC is self- 
conjugate, t.e., it is one of the conics through P, Q, R, S. 


Thus the bicircular quartic may be generated as the 
envelope of the variable circle— 


10+ mV +nW=0 


which cuts the circle of inversion I, as well as each of the 
circles U, V, W orthogonally, and whose centre moves along 
the focal conic (2). 


If follows, therefore, that the bicircular quartic can also 
be generated as the envelope of a variable circle which 
cuts each of the four mutually orthogonal circles I, U, V, W 


orthogonally, and whose centre moves along a corresponding 
focal conic. 


175. THE FOUR CENTRES OF INVERSION: 


We shall now show that the points A, B, ©, D are four 
centres of' inversion of the bicircular quartic, that is to say, 
. the quartic is self-inverse with respect to each of the circles 
with centres A, B, C and D. 
Since each of the circles U, V, W intersects I orthogo- 
nally, the radii 7,, r., 7, of U, V, W respectively are the 
tangents drawn to I from their centres A, B, C. 


Take A to be the origin, AB the axis of wx, and a line 
through A p&rpendicular to AB as the axis of y; and put 


BC=a, CA=b, AB=c. 
Then the co-ordinates of B and C are respectively— 


(c,0; and (bcos A, basin A) 
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The equations of U, V, W are respectively— 
Usut+y*—r'=0 
VS (uc)? ty’ —r2 =e? +y*—IWce+c'—r2 =0 
W =(u—dcos A)? +(y—bsin A)’ —7,? 
= c? +y? —2b( r cos A+ysin A)+ (b? —r} )=0 
But a° =r +r; b'=rè trè; ci=7r?+7,7 
Us=rttyt—r t =0 Vær ty — 2ce tr e = 
Wart ty’ —2b (e cos A+y sin A)+7,7=0. 
Now, the equation of the quartic is— 
AU? yp V2+7W? =0. 


Let us invert this with respect to the circle U. 


Now, if the inverses of U, V, W w.r.t. the circle U are 
respectively denoted by U', V', W', then, we must have— 


PUS rU; Wer V; PW ew 


and the inverse of— 
AU? + uV’ +vyW*=0 


is the same curve, which proves the proposition. 


Thus A is a centre of inversion. Similarly B and C are 
also centres of inversion. 


Ea. 1. Prove that the four circles of inversion are mutually 
orthogonal. 


Eo; 2. Show that the four centres of inversion form four triangles 


having a common nine-points circle. 
Es. 3. Prove that the radical axis of two circles is the line 
joining the centres of the remaining two. 
Ee. 4, Show that if the four real foci of a bicircular quartic are 
concyclic, the curve consists of two ovals, and three of the four circles 
of inversion are real. 


BINODAL AND BICIRCULAR QUARTICS 215 


176. THEOREM: 


If a circle of inversion touches its corresponding focal conic, 
the point of contact is a nude on the quartic ; and when it oscu- 
lates the focal conic, the point of cuntact is a cusp. 


Let P (, y’) be the point where the focal conic touches 
the circle of inversion given in § 169. Then the equation 
of the bicircular quartic referred to O, the centre of the focal 
conic, as origin is— 


4a? (ctf)? +4b (yty) = (0%? +y?—c)? (1) 


Since the circle and the conic have a common tangent 


at the point P (w', y'), we have the following conditions 
satisfied — 
r 


w'a +y’? + fe’ + 2gy'+c=0 (2) 

elast" b= (3) 

At = ONY FO SE Fa (4) 
y' 


Now, transferring the origin to the point (u4’, y') the 
equation (1) becomes— 


4a (0-2! +f )*+46%(y+y'+9)" 
={(@+ 4’)? +(y+y')*--c}* (5) 
The constant term in this equation is— 
4a? (a! +f) * +4 (y tg)’ — (u ty e)’ 


which vanishes by virtue of the relations (2), (3) and (4) 
The linear term is— 


w{8a* (a! tf )— 4e (a't ty’ —c)} 
+y{8b? (y +g)—4y' (x +y'* —c)} 


and by virtue of the said relations, the co-efficients of both 
æ and y are found to be zero. 


Fence, the point P is a double point on the curve, 
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The quadratic term is found to be— 
at {4u — a?) +2(a!? +y'* —c} 
+y {4(y'® —b*) +2(a'? + y!?—c)} + Bey! uy 
which reduces to 
403 {x3 —a? — (fa! +gy'+c)} 
+ bay? {y —b* — (fe + gy'+e)}+8e'y' xy 
Now, from relations (4) we easily obtain— 
(z +p )_ Cy! 7” 


T 1 


—(fe' +gy' +e) =A 


=V Wtf tly tg)’ 
Vg ja’ + y'*/b* 


= pd, 


where p is the length of the perpendicular drawn from O 
on the tangent, and 6 is the radius of the circle of inver- 


sion, 
Thus the equation of the tangents is reduced to 


w? {u  pd—a?} t y’ {y + pd—b*} + 22'y' cy =0 
Hence, the point P will be a node, a cusp or a conjugate 
point, according as 
alty!* 2 (2? +pd—a*) y’ +pd—b* ) 


t.e, according as  pd(a*-+b*— o!?—y'*)—p%5* 20 

ien according as pd—a*b*/p* S0 

since in the conic, we have a*b*/p* =a! +b* —(x'' 4y'*) 
Now, if p is the diameter conjugate to OP, we have 


pp=ab, 4.6. p*=a%b*/p* 
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Hence, the point P is a node, a cusp or a conjugate 
point, according as 


pi—p'S0, i.e., according as ⸗ >". 


When p*=p5, ô becomes the radius of curvature at P, 
t.e., the circle of inversion osculates the conic at the point P, 
which is a cusp. 

It is to be noticed that, the point of contact P must be 
real, otherwise the quartic would have three imaginary 
double points. Hence, two real foci coincide at P. 

Thus, when a bicireular quartic possesses a real node, it 
arises from the union of two real single foci, and when there ts a 
real cusp, tt is formed by the union of three real single foci. 


Ea. 1. Ifthe circle of inversion has double contact with the focal 
conic, the bicircular quartic redaces to two circles. 


[Each point of contact is a double point. The curve then possess- 
ing four double points degenerates into two conics through the cironlar 


points. } 
Ee, 2. Prove that the circles of curvature of a biciroular quartio 
at its intersections with a circle of inversion have four-point contact, 


177. Tar BITANGENTS OF A BINODAL QUARTIC: 
We have already seen that the generating conic— 


AMU +2AV+W=0 


of the quartic UW=V* breaks up into two right lines 
for six different values of A, and these right lines are 
bitangents of the quartic. In the case of a binodal quartio, 
the conics— 
U, V, W and A'U+2AV+W 

all pass through the two nodes; and consequently, when 
this latter represents right lines, it denotes two lines pass- 
ing one through each of the nodes, or else, the line through 


2R 
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the. nodés and another line. In the first case, the lines are 
not proper bitangents, but ordinary tangents through the 
nodes, In the second case, one is a proper bitangent, and 
the other is the nodal line. Thus we cbhtain— 

A binodal quartic has only two proper bitangents. 


For, when U, V, W have two common points, V and W 
will be of the forms— 


kU+LM and #U+LN; 
and APU + 2AV + W 
becomes (A? + 20k + k’)U+L(2AM+N) 


Hence, this will have L for a factor, if A’ + 2Ak+-%’=0 

The two values of A given by this equation will give us 
two bitangents of the form 2AM+N=0. The other four 
values of A, which reduces the equation to the product 


of two linear factors, give the tangents drawn through the 
nodes. 


Ha. 1. Show how the equation of a binodal quartic with nodes 
at A and B can be reduced to the form— 


(a° + pz*)(y? + gz?) + 2kayz? + 2( fat gy + hajs? =0 
Ee. 2. Prove that the points of contact of the tangents drawn 
from C to the quartic of He. 1 lie on the conic— 
ga* + py? + 2( pq + 2h)z? + gyz + fzx + key =0 
[The first polar of O degenerates. ] 
Ea. 3. Prove that the points of contact of any two pairs of bitan- 
gents of a binodal quartic lie on a conic. 


He, 4. Prove that the sixteen intersections of tangents drawn to 
a binodal quartic from the nodes lie by fours on four donios touching 
the nodal tangents., 


Ex. 6. All binodal quartics with two given nodes passing through 
seven other fixed points pass through an eighth fixed point. 


{Project the nodes into circular points and inverting w.r t. one fized 
point, obtain a pencil of ciroular cubios through six points.) 


$ 
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178. PROPER BITANGENTS OF BICIRCULAR QUARTIOS : 


When U, V, W are three circles, the curve has two nodes 
at the circular points. 


In this ‘case, if A*U+2AV+W is to represent two 
right lines, one of them will be the line at infinity and the 
other will touch the curve in two points and will therefore 
be a proper bitangent. 


But A*U+2AV+W=0 is now of the form— 
(aà + 2bA +c) (2* +y*)+linear terms=0 


Hence, we must have aA*+2bA+c=0, which gives two 
values of A. Corresponding to each value, we obtain a pro- 
per bitangent whose equation may be written in the form— 


2\1M+N=0 


and this evidently passes through the point _M=N=0, 
t.e., the radical centre of U, V, W, which is a centre of 
inversion. 


This also follows from the fact that the enveloping circle 
has double contact with the curve, the chord of contact 
passing through the radical centre. 


Thus through a centre of inversion there pass two proper 
bitangents of the bicircular quartic; and since there are 
four centres of inversion, a bicircular quartic has eight proper 
bitangents. 


We mag obtain the same results from other considera- 
tions. If the variable circle becomes a right line, its centre 
passes to infinity, and must consequently be the point at 
infinity on one of the two asymptotes of the fixed conic. The 
two bitangents are therefore the perpendiculars drawn from 
the centre of the Jacobian on these asymptotes. 
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179. The same thing also follows from the equation— 
da’ (atf) +4b*(y+9)*=(2* +y*—c)* 
Writing this equation in the form— 
{2a(2-+f)+21b(y +9) } {2a(e+-f) —21b(y +9)} 


=(s* +y" —0)’ 
the factors on the left represent the two bitangents through 
the point (—f,—g). 


These are real or imaginary, according as the focal conic 


a? /a* +y*/bt=1 
is a hyperbola or an ellipse. 
Thus, through a centre of inversion there pass two 


bitangenta of the curve, and consequently there are eight 
bitangents. 


The generating circle (§ 169) 
Qa(o+f) cos 0+2b(y +g) sin O=x2*+y*—c ... (1) 
touches the quartic, the chord of contact being— 
2b(y+g) cos 0—2a(s +f ) sin 6=0 (2) 


which evidently passes through the fixed point (—f, —g) 
t.e., the centre of the fixed circle. 


Thus we obtain a more general theorem : 


If a circle has double contact with a bicircular quartic, 
the chord of contact passes through one of four fi ced points. 


Ex. 1. Prove that the bitangents through the centre of a circle of 
inversion are perpendicular to the asymptotes of the corresponding 
focal conio. 

Ew. 2. Show that the directrices corresponding to four concyclio 
foci are concurrent in the centre of the circle. 


Ba. 8, Show how the equation of a bicircular quartic can be reduced 
to the form— 


(a? +y*)* +n! + 2hay + by* + 29m + Uy t+em0 


BINODAL AND BICIRCULAR QUARTICS 221 


180. Cyciic Pornts: 


If the line (2) is a tangent to (1), it will also bea 
tangent to the bicircular quartic at a point.where the circle 
(1) has athird order contact with the curve, ¢.e., the point 
of contact is a cyclic point on the curve. 


Now, the line (2) touches (1), when the perpendicular 
drawn from the centre on the line is equal to the radius of 
the circle, č.e.„ the condition of contact is a function of the 
parameter and gives certain finite values of 8, and therefore 
the curve has a finite number of cyclic points, which are 
the points of contact of the tangents drawn from a centre 
of inversion. Thus we obtain the theorem : 


The points of contact of tangents drawn from a centre of 
inversion to a bicircular quartic are the cyclic points on the 
curve. 


Again, since the generating circle (1) intersects the circle 
of inversion orthogonally, whose centre lies on the line (2), 
it follows that, when the line (2) touches the circle (1), the 
point of contact lies on the circle of inversion and this point 
is a cyclic point on the quartic. Hence the four finite points 
in which the circle of inversion cuts the bicircular quartic 
are cyclic points on the latter. 


Since there are four circles of inversion, these circles 
intersect the quartic in sixteen finite points, which are cyclic 
points on the curve. The same thing also follows from the 
fact that, from each centre of inversion four ordinary 
tangents can be drawn to the curve, whose points of contact 
are cyclic points. We have seen that these points also lie 
on the circles of inversion. Therefore the lengths of the 
four tangénts drawn from a centre of inversion are equal. 
Thus we obtain the theorem : 


Each bicircular quartic has stcteen cyclic points which lie 
on four circles, four on each circle. 


Ee. The normals at the points where a bicircular quartic meets 
a circle of inversion touch the corresponding focal conic. 
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181. Stnevtar Foci: 


Consider the bicircular quartic represented by— 
daX(o+f)*+45*(y+9)*=(at +y*—s)* 
a 


The singular foci of the curve are the real points of 
intersection of the nodal tangents at the two circular points 
I and J.* 


The circular line y=js+4++ k% intersects the curve in 
points whose abscissae are determined by the equation-- 


Aa*(x+f)? +4b (izt ktg)? ={k(Qiz+hk)—c}* 


If, therefore, the line is to be a nodal tangent, three roots 
of this equation should be infinite; and consequently, the 
co-efficients of *, s? and 2* must vanish. 


It is evident that for all values of k, the co-efficients of 
@* and x? are zero. The co-efficient of x° will be zero, 


if, da? —45* +449 =0 
i.e., if, a? —b* = — k? 
whence k= +iva’—b’ 


Therefore, the equations of the nodal tangents at a 


circular point are— — 
y=t(a+ Va*—b*) 


Similarly, the nodal tangents at the other circular 


point are— 
y=—i(r4 Va? —b*) 


Hence, the singular (double) foci are the real points of 
intersection of these tangents, namely, the points— 


y=0, w= + Va'—b*= tae 


which are the common foci of the system of focal 
conics. Similarly, the other two imaginary singular 
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foci can be determined, and they are found to be the 
imaginary points ` l 
(0, + vb —a?). 


Thus w+may state the following theorem : 


The singular foci of a bicircular quartic are the foci of the 
focal conte. 


182. THE INVERSE OF A BICIRCULAR QUARTIC: 


The inverse of a bicircular quartic is another bicircular 
quartic; but when the origin of inversion lies on the curve, the 
inverse is a circular cubic. 


The general equation of a bicircular quartic can be 
written as— 
Uart tur? +v, +v, +9,=0 


The inverse of this with respect to the origin is— 
vort + kvirt ktv, +kou, +k’ug =0 
which is also a bicireular quartic. 


If, however, the origin lies on the curve, the constant 
term v, is absent, and the inverse reduces to— 


vir? thie, +htu, +hou,=0 


which is evidently a circular cubic. 


Ea. 1. The bisectors of the angle between any pair of bitangents 
of a bicircular quartic are parallel and perpendicular to the line joining 
the real singular foci. 


Ee. 2. Atwo-circuited biciroular quartic consists of two ovals, one 
inside the other. Prove that the focal conic through the real foci is a 
hyperbola and the other focal conics are ellipses. 


fe. 3. If in Ew.2 the ovals are external to each other, the focal 
conic through the real foci is an ellipse and the other focal conics are 
hyperbolas. 


Es. 4. Show that the four centres of inversion lie on a rectan- 
gular hyperbola whose asymptotes are parallel and perpendicular to the 


line joining the real singular foci and which passes through the mid- 
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183. INVERSES OF THE FOÙI; 


Since the foci of a curve arefnvepted into the foci of its 
inverse, if we invert a bicirculay artic with respect to a 
circle of inversion, the sixteen foci will be inverted into 
the sixteen foci of the inverse curve, and although the curve 
is its own inverse, each individual focus will not be inverted 
into itself. We shall now investigate the relation between 
these foci and their inverse points. 

Let a,, a,, a,, a, be the foci on the circle with centre 
A. Similarly, let (B,, Bs, Bas Ba), (Yis Yas Ys) Ya) and 
(8,, 8,,5,,8,) be the groups of foci on the circles with 
rentsce B, C, and D respectively. 

Invert the curve with respect to the circle A. Then 
the foci a,,a,,a,, a, are inverted into themselves. The 
inverse of 8,, a focus on B, will be a focus of the inverse 
curve, č.6., a focus of the curve itself. Therefore, the inverse 
of 8, must be one of the remaining 11 foci, č.e., the line AB, 
must pass through one of these remaining foci. Three 
different cases are to be considered :— 


The inverse of 8, may be— 

(2) one of the three points B,, Bs, B.; 
(i) one of the points of the y group ; 
(iii) one of the points of the ô group. 


(1) When the inverse of 8, is one of the points 
Bas Bs» Bas the circle B is inverted into itself, and conse- 
quently, the y group is inverted into the ê group, or they are 
the inverses of themselves. 

(2) When 8, is inverted into one of the foci of the 
y group, then the circle B is inverted into the circle O, and 
consequently, the points A, B, C are collinear. In this oase, 
the ô group cannot bé inverted into any of the three groups 
a, B, or y. For, the a group is its own inverse and 8 group 
inverts into the y group. Consequently, the è group is 
inverted into itself. 
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(3)-In this case the B group is inverted into the 6 group, 
while the y group is inverted into itself. 


Now, since the bigircular quartic has four circles of 
inversion, any-r~“perty which holds for any two must also 
hold for*the remaining two. The relation between the 
four circles must be symmetrical. Hence, the only symme- 
trical relation which may exist between them is that each 
of the groups is inverted into itself. 


This will be true also for the other three‘centres of 
inversion. Hence, the four circles of inversion, when inver- 
ted with respect to any one of them, are inverted into 
themselves (§ 175). 


184. THE FOUR CENTRES OF INVERSION: 


When A is the centre of inversion, a,,a,,4,,a, are 
inverted each into itself. But 8, cannot be inverted into 
itself, and since the circle D is inverted into itself, the 
inverse of 5, will be one of the three foci 5,,5,, ô, (say ô,). 
Then A, 6,,5, are in one right line. Consequently A, ò., ô, 
are in one right line. 





Thus, A is a diagonal point of the quadrangle 5,5,5,5,. 
Similarly, if B is the centre of inversion, 5,, 5,, 5,, 8, are 


29 
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inverted into themselves, and consequently B is collinear 
with 5,6, and 6,5,. Hence B is a diagonal point of the 
same quadrangle. Similarly, the centre C is the third 
diagonal point of 5,6,5,5,. Also, D ¿the centre of the 
circle 8,8,884. — 

Hence ABC is self-conjugate with respect to the circle 
whose centre is D, and consequently D is the orthocentre 
of the triangle ABC. 

Similarly, it can be shown that any of the four points 
A,B, C, D, will be the orthocentre of the triangle formed 
by the other three, as was otherwise shown in § 174. 


, He. Show how to find the singular focus of a bicircular quartic 
when the circles of inversion and any point on the curve are given. 


185. CIRCLES OF INVERSION MUTUALLY ORTHOGONAL: 


From what has been said above it follows that the circles 
of inversion cut each ‘other orthogonally. For, considering 
the circles A and D, 6, and 6, are inverse points with 
respect to the circle A. 


Ad. .Ad, =7* 


where 7 is the radius of the circle A. 


But the product Ad, . Ad, is equal to the square of the 
length of the tangent drawn from A to the circle D. 


* A&,.A8,=7%=square of the tangent from A to D. 


Thus the point of contact of the tangent drawn from 
A is a point on the circle A, če., the two circles A and 
D cut orthogonally. 

Similarly, the same relation will be found to exist 
between any two of them, " 

Henee the circles cut each other orthogonally, as was 
otherwise showa in article 174, 
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186. INVERSE OF CYCLIC POINTS: 


It was shown that the cyclic points are the intersections 
of the quartic withthe circles of inversion.: Therefore, the 
gyclic posits “on the curve are inverted into cyclic points on 
the inverse curve. 


For, at a cyclic point four consecutive points lie on a 
circle. When the curve is inverted, these four consecutive 
points are inverted into four consecutive points on the 
inverse curve and the circle is inverted into a circle through 
four consecutive points on the inverse curve. Hence the 
inverse of a cyclic point is a cyclic point; and since these 
points lie on the circles of inversion, all the above properties, 
which we have established for the foci, are also true for the 
cyclic points, 


+. 


187. BICIRCULAR QUARTIC WITH THREE GIVEN FOCI: 


The locus of a point, whose distances from three fired points 
are connected by the relation lp+mp'+np"=0, is a bicircular 
quartic having those three fized points for foci. 


Take O, one of the fixed points, as origin and another 
point A situated on the axis of x at a distance c from the 
origin. Let (a’, y') be the co-ordinates of the third 
fixed point B. 


Now, if P be the point (#, y), we have— 
pP=st tyt; pl*=(a—e)* +y" 
and p’* =(a—2')* +(y—y')* 
~ ptmp 
+n (@—a) +(y—y)*=0 
1.6.5 lvu + mvv + n J/w=0 (1) 


where u, v, ware point-circles, whose centres are Q, A 
and B respeotively. 
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Rationalising the equation, we obtain— 


ltu? Amt? + n*w® — 2m n ow 
+ 
Laia S 


~ 


—2n 219 wu — 2m u0 . ... (2) 
which is evidently the equation of a bicircular quartic, when 
u, v, w are circles 


Now the circle u=0 meets this quartic, where 
mtv? +ntw? ~2m3n2vw=0, t.e. (m?v—n*w)* =0 


7.e., u=0 touches the quartic at the two finite points, where 
m'v—n?w=0 meets it. Thus the point circle u=0 has 
double contact with the bicircular quartic, or what is the 
same thing, the point O is a focus of the curve, Similarly, it 
can be shown that A and B are each a focus of the curve. 
We shall more fully discuss the properties of these curves 
in a subsequent chapter. 


Eo. Show that Ip+mp'+np"=0 representa a two-circuited 
biciroular quartic. 


188. THE FOURTH FOCUS OF THE CONCYCLIC GROUP: 


We shall determine the fourth focus of the bicircular 
quartic which is concyclic with the three given foci. 


The circle 
Àu + po-+vw=0 (1) 


touches the quartic 
L/utmVv/o-nV/w=0 ° 4. (2) 


R Z3 m? n? 
if TE r +- =0 we (3) 


v 


Hence the quartic (2) may be regarded as the envelope 
of (1), provided the condition (3) is satisfied. 
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Now, (1) will be a point-circle if the discriminant 
vanishes, 7.¢., if 
(A+p+y) {pot trga +y'*)}—v4y'* —(cu—va')?=0 ... (4) 
Now’ put OB? = b? = g +y" 
and AB? = a? = (a'—c)? +y" 
2ca'=a* —b*—c?. 
The equation (4) becomes— 
(At p+v) {uct +vb*} —v9b8 — p’ c? —pv(b? +c —a*)=0 


or, pva? + Avb* + Apct = 
; a? b? c? 
OR- zt Pii — (5) 


Therefore, when the conditions (3) and (5) are satisfied, 
the equation (2) represents a point-circle having double 
contact with the curve. Hence, solving (3) and (5) we 
obtain the values of A, p, v, and the fourth focus is thereby 
determined. 


189 THEOREM: 


If four concyclic foci of a bicircular quartic are given, 
through any point there can be described two such quartics and 
they cut each other at right angles. 


The equation of a bicircular quartic having three given 
foci is— K 7 — 
lum vuyen w= (1) 
The fourth focus is determined by— 
Aut po--vw=0 


where LpA p =0 ve (2) 
— + — * = =0 eee (3) 


* Salmon—H. P. Curves, § 277, 
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When the fourth foeus is given, the values of À, m, v are 
given also. Hence, if the curve passes through any point 
(a, y', 2’), we must have— 


LA ul mV of an Vy =O 
and 


24 m? 4% =0. 
p v 


But these two equations determine two sets of values of 
l, m, n, when (2’, y', z') is fixed. Hence, two curves can be 
described through any given point. 


Let IVGm vens w=0 
and U Ja tm! Vopn Vvw=0 
represent the two quartics. Since they are confocal, t.e., 


have four foci common, we must have— 


P 20, 5 + ™ +2 =0, 


vt o m? n’ 
À p — p j v — 


y 


Eliminating A, m, v between these three equations, we 
obtain— 
at (m?n? —m n? )+ b3 (n°1 -4212) 


+c*(19m'* -ο... (4) 
‘which is the condition that the two curves may be confocal. 


‘In order to prove that the two curves cut each other 
orthogonally, it will be sufficient to find the condition that 
the generating circles of the two curves, namelyy 


Au+potvws0 and Nu-p'y+y/w=0 


gat each other orthogonally. This condition is found, after 
calculation, to be — 7 


8 (par Hpi ADMA HAJH OAR AA) o (D) 
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But the circle Aw+pv+-vw=20 touches the quartic 


Lum V/0-+n w=0 
if elta m? pnto. 
À p v 
a Ifwetaked p v=} ™ 2 
P P p 
the circle tot w=0 «. (6) 
P P P 


touches the quartic at the point, where Vu, Vv, Vw are 
P, P's p's 
1 


Similarly, Š 
p 


ot” v=0 
P P 
touches the second quartic— 
Vum /o+n' /w=0 
at the same point. These two circles cut orthogonally, if 


A U U t t , 
em tmn panl toli c$ lm tUm 9 . 7 
PP pp" pp’ 


But solving the two equations— 
lp+mp'+np'=0 and I'p-+-m'p'+n'p"=0 
for p, p', pP”, we obtain— 
pip: p’=mn'—m'n : nl! n't: lm l'm. 
Substituting these values in (7), we find— 
a? (mn? =m n?) +b? (nl? —n' tl) des (Im — 18m?) 0 

which is the eame condition that the two curves are con- 
focal, whence the truth of the theorem follows. 


a 


e 
Ee. 1. Prove that ip+mp'+np"=0 representa a circular cubic, 
if Lemin=0, 
[The co-efficient of (#*+y%)*® should vanish. } 
Ee, 2. Show that the locus of the common vertex of two triangles 
whose bases are given and the vertical angles are equal is a circular 
gubic, 
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190. Brorcviar QUARTICS WITH A THIRD DOUBLE POINT: 


Bicircular quartics can be divided into two classes, 
according as the curve has two or three nodes. The case 
of two nodes we have already discussed: Now we shall 
study some properties of a bicircular quartic having a third 
node in the finite part of the plane. 


The inverse of a conic with respect to any point, not on the 
curve, is a bicircular quartic having a third double point at 
the centre of inversion; and this point will be an acnode, a 
cusp or a crunode, according as the conic is an ellipse, a parabola 
or a hyperbola. 


The equation of a conic, referred to any point as origin, is 
u, +u, Fua =0 
The inverse of this curve is— 


uola? +y)" -+h*u, (at -+y*) + ktu, =0 (1) 


which is evidently a bicircular quartic with a double point 
at the origin. It will be a node, a cusp or a conjugate point, 
according as u, represents a pair of lines, (1) real and 
distinct, (2) coincident, or (3) imaginary ; j.e., according ‚a8 
the given conic is a hyperbola, a parabola or an ellipse. 
The inverse of the conic 2*/a*+y*/b*=1 wrt. any 
point (2’, y’) is 
k*(e* jat 4 /b*) +-2k*r* (a'x/a* + y'y/b*) 
+ (w'a? +y'* jb ~—1)r* =0 (2) 


When the centre of inversion is a focus of the conic, the 
inverse is a cartesian. It is to be noticed, however, that 
in this case, the inverse of an ellipse or a hyperbola is 
called a liémacon and that of a parabola is called-a cardiotd. 
The inverse of a rectangular hyperbola with respect to its 
centre is the lemniscate of Bernoulli, which possesses a 
pair of biflecnodes at the circular points. 


When the origin lies on the conic, the inverse reduces 
to a nodal circular cubic, 
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191. THE PEDAL OF A OONIC: 


The pedal of a central conic with respect to any point in tte 
plane is a bicircular quartic, having a third double point at 
the origin, which is anode, a cusp or a conjugate point, ace 
cording as the origin lies without, on or within the conic. 


Let the equation of a conic be— 
ax? + by® + 2hry + 2fy+2gc2+e=0 (1) 


The condition that any line 2zcos6+ysind=p touches 
this conic may be written as— 


A cos? 6+B sin? 64+ Cp* —2F p sin 6—2Gp cos 0 
+2H sin 6 cos 6=0 (2) 


where A, B, C, are the minors of the determinant 


Asm ja h g 
h b f 
g f e 


The co-ordinates of the foot of the perpendicular drawn 
from the origin are (pcosĝ, p sin ĝ). 


Multiplying (2) by p° and substituting æ and y for 
pcos ô, psinĝ, and p*°=x<°+y°, we obtain— 


Ag’ + By? +C(2* +y) —2(Fy + Ga) (e +y*) 
+2Hsy=0 
v.e., C(e +y*)? —2( Fy +Ge) (2 ty’) 

+ (Az? + By* +2Hry}=0 
which is a bicircular quartic, having a third double point 
at the origin. 

Now, the tangents at the double point are given by— 
Aæ’ +2Hcy+By* =0 
30 
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and these are real and distinct, coincident or imaginary, 
according as AB—H*® <, =, or >0 
i.e., according as A. <, =, or- >0 
č.6., according as e <, =, or >O ”.,. (8) 


Now, when the origin lies outside the conic, two real 
tangents can be drawn to it and the triangle formed by 
these tangents and their chord of contact is real. When 
the point lies on the conic, the area vanishes, and when it 
lies inside the conic, the triangle is imaginary. 


The expression for area * of the triangle is— 


cV/—A.c 
{(ab—h? )c— A} 


which is real, zero, or imaginary, according as A.c is 
negative, zero or positive, which is the same condition as (3), 
whence the truth of the theorem follows. 


If C=0, te, ab—h'=0, the given conic becomes a 
parabola, and the curve reduces to a circular cubic. Hence, 
the pedal of a parabola is a circular cubic. 


The pedal of the ellipse +?/a* +y*/b*=1, referred to any 
point (0', y’) is— 
(2° +y? +20 + yy’)? =a?x* +b? y* 


and the origin is a node, a cusp or a conjugate point 
according as— 
æ ja’ +y! >, =, or <1 


d.e., according as the point (2', y') lies without, on, or 
‘within the ellipse. 


The pedal of the parabola y*=4az is the circular 


subic— 
(z* +y’ +s +yy')e=ay?. 


* Bir Asutosh Mukhopadhyay—A Memoir on Plane Analytical 
Geometry—Journal of the Asiatic Society of Bengal, Vol. 56, Part'II, 
No. 8 (1877), § 21. 
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192. BIcIRCULAR QUARTICS WITH A PAIR OF FLECNODES : 


We shall now consider a bicircular quartic having a pair 
of flecnodes at the circular points. 


The eguation of a quartic having flecnodes at B and C is 
given by equation (1) of Article 163. 


If now we project B and C to thecircular points at 
infinity, we must put— 


w=I, y=ġ¢+iņn and z=¢ġ—iņ 
in the equation, which then becomes— 
4h*q(£* +7*)* +pl*(€—t)*/(p+q)* +4f*pl* (Etin) 
HIE +°) {fl+2fh(p+q)(E+%) +h(E—sy)} =O 


If this is to be areal curve, we must have— 
f(e+q)=1, and putting fg=a’, Ijhq=b' 
the equation reduces to the form— 
(E tn) +20'E(E* + 9°) 
+a'b'* {(3—2a’)€* —(1—2a’)n*}=0 ... (1) 


which, therefore, is the equation of a bicircular quartic, 
having a pair of flecnodes at the circular points. 


The origin is evidently a node; it will be a cusp with 
7=0 as the cuspidal tangent, if 2a’=3, and the equation 
then reduces to— 


(E tn) AECE +°)+3b'8y?=0 = (2) 


When, however, 1--2a’=0, the equation reduces to 
the form— 


(E: +7 +5'£)? =0 


which is the square of a circle. 
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If we compare the equation (1) with (2) of § 190, we 
find that y’=0, and 2b'(a*+b*)=3a*+5b* 


whence (x? —a*)( a? +b? )* =x! b’ (3a +5") 
2.6. a!*(a*—b*)=(a"-+b*)* ; 


Thus, the co-ordinates of the centre of inversion are— 


Varah? y'=0. 


When, however, the conic is a parabola, the equation of 
the quartic becomes— 


(E +n)" +20'E(E* +*) +30! 4? =0 


The centre of inversion is found to be the point 


(—3a, 0). 


Ev. 1. If the circular lines through the origin are taken as the 
inflexional tangents of a quartic, with flecnodes at the circular points, 
show that the equation of the curve can be put into the form— 

(w? +y?) +(@? +y*)(2ga@t+c)+k=0 


where the ordinary tangents at the circular points meet at the point 
(—g, 0). 


Ha. 2. Any focal ordinate of a conic meets the director circle in a 
point P. If the tangent at P meets the transverse axis in Q, prove 
that the inverse of the conic w.r.¢, Q as origin is a quartic with fleo- 
nodes at the circular points, 


Es. 3. Show that the inverse of a parabola, referred to a point on 
the opposite side of the directrix at a distance equal to that of the 
focus, is a bicircular quartic with a pair of flecnodes at the circular 
points. 


Ke. 4, Prove that a unicursal quartic with two tureal fiecnodes 
can be projected into the inverse of a conic with respect to the reflec- 
tion of a focus in the corresponding directrix. 


Ee, 5. A bicircular quartic has flecnodes at the ciroular pointa and 
æ finite node. Shew that the points of contact of the tangents drawn 
from the node and those of the circular tangents are concyolic. 
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193. BICUSPIDAL Quartics *: 


Bicuspidal quartic curves may he studied as limiting 
cases of binodal quartics. 


The equation of a quartic with nodes at B and C can be 
written (§ 173) as— 


yz? +a? (ax? + by* +029 + 2fyz + 2gzu+2hry)=0 
the tangents at B and C being respectively — 
z*+b2°=0 and y*+cz*=0 


If these are cusps, we must have b=0, and c=0, and A 
is the intersection of the cuspidal tangents. 


Putting g=h=1 and a=f*+2m, the equation of 
the curve can then be put into the form— 


(yz+fe?)? +2(mz+y+z)c*=0 (1) 
which may again be written as— 
{y2+(f—A)a*}* 
+22*((fA+m—A?/2)2* +Ayz+z0-+4+-2y)=0 (2) 


showing that the conic— 
(frA+m—A?/2)x2* +Ay2+20+2y=0 ww. (3) 
touches the curve at the points, other than B and C, where 


yz+(f—A)x*=0 
meets it. 


The conic (3) will degenerate into a pair of right lines, 
if the discryminant vanishes, 


i.e. if MAS —2fA% — mA +2) =0 we (4) 


+ J.de Vries—On bicuspidal curves of order four—Proc, Acad., 
Amsterdam (1909). 
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The root A=0, shows that the line mr+y+z=0 is 
a bitangent, as is evident from equation (1), the points of 
contact lying on the conic yz+fx*=0. 

In fact, the conic (3) consists of the line BC and the 
bitangent. 


The other three roots of (4) will give the tangents which 
can be drawn from the cusps to the curve. 


When the two cusps are at the circular points at 
infinity, the curve is called a Cartesian, which was 
originally studied by Descartes. We shall have occasion to 
discuss the properties of such curves in some details in a 
subsequent chapter of this volume. 


Fa. 1. If A,, A,, A, are the roots of A’—2fa*—2mA+2=0, 
show that <z+A,@=0, z+A,#=0 and «+A,®=0 represent the 
tangenta drawn from B to the curve, and y+A,#=0, etc, those 
drawn from C. 


Es. 2. Prove that the conic through the points of contact of the 
bitangent and those of the tangents drawn from B touches the curve 
at B. 

[The conic is yz +fr2=22(mz+y+2).] 


Ee. 3. Show that the points of contact of the other four tangents 
drawn to the curve from any point of the bitangent lie on a conic 
through the cusps. 


Ex. 4. Prove that the eight inflexions lie on a cubic through the 
cusps and the intersection of the cuspidal line with the bitangent. 


CHAPTER X 


CIRCULAR CUBICS as DEGENERATE BIOIRCULAR QUARTICS 


194. THE CIRCULAR CUBIC: 


We have seen that a binodal quartic reduces to a cubic 
and the line joining the nodes, when the focal conic touches 
this line. In the case of a bicircular quartic, the line 
joining the nodes is the line at infinity, and consequently, 
when the focal conic becomes a parabola, the bicircular 
quartic reduces to a circular cubic and the line at infinity. 


A circular cubic can be regarded as the envelope of a 
variable circle which cuts a fired circle orthogonally and whose 
centre moves along a parabola. 


Let y? =4ax » (1) 
be a fixed parabola 
and x? + y? +2fa+2gy+o=0 we (2) 


be a fixed circle. 


Taking any point (at?, 2at) on the parabola as centre, 
the equation of a circle cutting the circle (2) orthogonally 


— 
(a—at*®)® + (y—2at)* =a°t* + 2af+4a®)t* +4agt+c 
i.e., 2a(atf)t* +4a(y+g)i=v®* +y*—c (3) 
Differentiating this with respect to ¢, we obtain— 
da(r+f)t+4a(y +g)=0 
whioh gives t= —(y+9)/(e+f) 


* See § 169. 
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^ The envelope of the variable circle (3) becomes— 


(y+9)* (y+9)* _ 
2a CTA —4a, (ER =z yt —¢ 
2.6.4 (zt +y’ —c)(a2+f)+2a(y +g)’ =0 e. (4) 
which is the equation of a circular cubic and conse- 
quently, a circular cubic is a degenerate bicircular quartic. 
All the properties established for a bicircular quartic must 
then hold for a circular cubic, If the focus of the parabola 
be teken as the origin, the equation (4) will be transformed 
inte the form— 
(z+f)(@* +y*) +ar+by+c=0. 

Since a bicircular quartic has four circles of inversion 
and four corresponding focal conios belonging to the same 
confocal system, the focal conics have the same real foci 
and axes. Consequently, when one focal conic is a parabola, 
the other three must be parabolas, and a circular cubic can 
be generated by taking any of them as focal conic. Taking 
the centre of the fixed circle as the origin, and (—f,—g) 
the co-ordinates of the focus‘of the focal parabola, and a as, 
the focal distance, the equation of the circular cubic is 
obtained in the form— i 

(+ 2a)(2* + y*) + 2(2fr-+-2gy +5?) =0, 





195, THe ASYMPTOTE : 


The equation (4) of the cubic shows that the curve 
passes through the two circular points at infinity and 
through another point at infinity in the direction of the 
line #+f=0, which must be a real point. The line 2+f=0 
is a tangent to the curve at the centre of inversion (—/,—g). 
But w+f=0 gives the direction of the real asymptote to 
the cubic. Therefore the tangent 2z+f=0 meéts the cubic 
again in a real point at infinity. 

Thus the four centres of inversion lie on the four 
tangents which can be drawn to the curve from the real 
point at infinity. These tangents are therefore parallel to 
the real asymptote. 
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196, SxELF-INVERSE CIRCULAR CUBIC: 


Taking the point of contact of one of these tangents as 
origin and the tangent at the origin as the axis of y, the 
equation of the cubic can be written in the form— 

ælt +y?) +ac? + 2hey + by’ -+ ks=0 
which remains unchanged, if we write— 


kej(ot+y*), — ky/(2*+y") 
for x and y respectively, j.e., if we invert the curve with 
respect to the circle of radius KË and centre at the origin, 
Hence, the cubic is self-inverse with regard to thia circle. 


Since there are four tangents and four corresponding 
points of contact, we obtain the theorem: 


A circular cubic ts self-inverse with respect to four eircles. 


If, however, the origin is not on the cubic, the iaverse 
is a bivctycular quartic. It is to be noted that the gircular 
cubic passes through the four centres of inversion, Since 
the cubic is self-inverse, the system of four circles are also 
self-inverse with respect to any one of them. The circles 
are then all mutually orthogonal. 


Bo. 1. Obtain the equation of a circular oubio in the form— 
0(@* +y*)+a0* + 2hay + 2ge +2fy=0 

(Take the origin at the point where the real asymptote meets 
the curve. ] 

Ee, 2. Show that the tangents to a circular cubic drawn from a 
point where the tangent is parallel to the real asymptote are all equal. 

Ee, 8. Show the cubic— a(g” +y*) +a? + 2hey + by’ +komQ 
is self-inverse with respect to the circle #*+y*=k, the corresponding 
focal parabola being (y +ħ)’=b(2w +a) 

Ea. 4. Prove that the centres of three circles of inversion are the 
vertices of the common self-conjugate triangle of the fooal parabola and 
the fourth cirele of inversion. 

He. 5. If a circular oubic be inverted from the point where the 

.asymptote meats the curve, prove that the origin is a point of inflexion on 
the inverse curve, 


31 
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197. REAL CIRCLES OF INVERSION: 


We have shown that the four centres of inversion of a 
bicircular quartic are such that each is the orthocentre 
of the triangle determined by the other three and the 
triangle is self-conjugate with respect to the circle with 
that as centre; the radical axis of any two circles must pass 
through the centres of the other two. This is also true in 
the case of a circular cubic, but in this case, the four centres 
lie on the curve. 


Thus, tn general, of the four circles of inversion, one is 
imaginary and the other three real. 

Let A, B,C, D be the four centres, and consider the 
triaugle ABC, which is self-conjugate with respect to the 
circle with D as centre. 

Let AD, BD, CD meet the opposite sides in E, F, G 
respectively. Since A is the pole of BC, we must have— 

DA.DE=r*, where r is the radius of the circle. 

Now, when A and E lie on the same side of the centre 
D, DA and DE are of the same sign, and consequently 
the product DA. DE is positive, making r real. But if A 
and E are on opposite sides of D, DA and DE are of 
opposite signs, and consequently the product DA. DE is 
a negative quantity, and the radius 7 is imaginary. 


A 
y | Ne 


D 








B E f 
Now, it is seen ihat if the four centres are all real, of 
‘the four triangles formed by them, one is acute-angled and 
the other three obtuse-angled, and in the case of an acute- 
angled triangle the radius becomes imaginary. . 
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Hence, of the four circles of inversion one ts imaginary 
and the other three real. 

It is to be noted, however, that the curve is in this 
case bipartite. if the curve is unipartite, two of the 
circles are real and the other two have unreal centres. 


If we invert the cubic with respect to a real circle of 
inversion whose centre is B (say), then the inverse of D 
will be a point on the cubic. For, since ACD is self- 
conjugate with respect to the circle B, BD.BF=r*, and F 
is the inverse of D, but the cubic is inverted into itself. 
Hence the inverse F of D lies also on the cubic, Similarly, 
E and G are also points onthe curve. This is not, how- 
ever, true for the bicircular quartic. 

Since E, F, G are the feet of the perpendiculars of the 
triangle ABC, we obtain the theorem : 

Every circular cubic passes through the four centres of in- 


version and also through the feet of the perpendiculars of the 
triangle formed by joining any three centres of inversion. 


Ex. Prove that the tangents to a circular cubic at the centres of 
inversion are parallel to the asymptote. 


198. THEOREM: 

If a line through a centre of inversion intersects the circular 
cubic in two points, a circle can be drawn having simple contact 
with the cubic at these two points. 





A’ RT —— 


Let A be a centre of inversion, and let any line through 
A intersect the cubic in two other points Band C. Then 
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A is the point of contact of a tangent drawn from the 
real point K at infinity on the curve. Now consider a line 
A'B'O’ consecutive to ABC. 

The following three cubics then pass through the eight 
points A, B, C, A’, B’, 0’, K and I :— 

(*) The given cubic ; 

(ti) The cubic consisting of the three lines ABC, a’B’O’ 
and KIJ ; 


(iii) The line A'AK and a conic.determined by B, C, 
BY, C’, I. 

Therefore they must pass through a ninth common 
point J. 

Hence, the six points B, C, B’, C’, I,J lie ona conic, 
which is evidently a circle ; and when ABC, A’B'C’ coincide, 
the circle has double contact with the cubic at B and C. 
The same easily follows from the fact that the ganerating 
circle of a bicircular quartic has double contact with the 
curve, the chord of contact passing through a centre of 
inversion, and the circular cubic being a degenerate bicircular 
quartic, the truth of the proposition is manifest, 


199. Foci OF CIRCULAR CUBICS: 


Tt has been shown that the sixteen foci of a bicircular 
quartic lie by fours on four circles, The same must then 
be true of a circular cubic. 


Suppose A is one of the circles of inversion and let a 
tangent drawn from the circular point I to the cubic meet 
A ata. If now the cubic is inverted w.r.t. the circle A, the 
cubic is inverted into itself and the tangent Ia ‘is inverted 
into the tangent Ja, and consequently, the point a is a focus. 
Now, since four tangents can be drawn from I to the cubic, 
besides the tangent at I, and there are four corresponding 
tangents from J, they intersect in sixteen points, each of 
Which is-afnous.of the cubic, i 
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Hence, the siateen foci of a circular cubic le by fours 
on four circles of inversion. 


From what has been said above, it follews that the 
pencil of tangents drawn from I and that drawn from J 
have the same cross-ratio, since the circle passes through 
the points I and J. Projecting the points I and J into 
two finite points of the plane, we obtain Salmon’s theorem 
on the constant cross-ratio property of a cubic.* 

If a is real, the other real foci will be obtained by 
inverting a repeatedly with respect to the remaining three 


circles of inversion. The circle A will remain unaltered 
and the four real foci lie on this. 


200. THE SINGULAR FOCUS: 


Suppose the four concyclic foci 5,, ô., 8,,5, lie on the 
circle with centre D. Then the diagonal points A, B, O of 
the quadrangle 6,5,5,5, are the other three centres of 
inversion and D is the orthocentre of the triangle ABC, 


Now, taking ABC for the triangle of reference, the 
equation of a conic through §,, 5,, s, 5, may be written as 
læ? + my* + nz? =0 we (1) 

If this is to be a parabola, we must have~- 
a /1-+-b?/m-+c* /n=0 (2) 
where a, b, care the lengths of the sides of the triangle ABC. 


Now, if E, F, G be the mid-points of the sides of the 
triangle ABC, the equation of the line EF is by+c:—az=0, 
which evidently touches the parabola, in virtue of the 
relation (2)e 

Similarly, FG and EG touch the same parabola. 

Hence, the focal parabola is inscribed in the triangle 
EFG and its focus lies on the circle circumscribing the 


Bee § 61. 
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triangle EFG, 7.e., the nine-points circle of the triangle 
ABC. 


Hence, the focus of the focal parabola Jies on the nine- 
points circle of the triangle formed by the three centres of 
inversion. But the four triangles formed by the four centres 
A, B,C, D of inversion, taken three at a time, have a 
common nine-points circle. Hence we obtain the theorem :— 


The singular focus of the circular cubic lies on the common 
nine-potnts circle of the triangles formed by any three of the 
four centres of inversion. 


Again, since the focal parabola touches the sides of the 
triangle formed by joining the mid-points E, F,G of 
the triangle ABC, the directrix of the parabola passes 
through the orthocentre of the triangle EFG.* But the 
orthocentre of EFG is the circumcentre of the triangle ABC. 
Hence the directrix passes through the circumcentre of the 
triangle ABC. Thus we obtain the theorem :— 


The directrices of the focal parabolas respectively pass 
through the centres of the circles circumscribing the triangles 
formed by the centres of inversion, taken three at a time. 


Ea, 1. Find the singular focus of the cubic— 
wlw? +y?) + an? + 2hay + 2gg + 2fy=0. 
{The singular focus is the point— § (—a/2,—h).] 

Ee. 2. The normals to a circular cubic at its intersections with 
a circle of inversion touch a parabola with focus at the singniar focus 
and exis perpendicular to the asymptote, t.e., the corresponding focal 
parabola. 

Ee.3. The cross-ratio of the pencil subtended by four concyclic foci 

„at any point of the focal parabola through them is equal to that of the 
four corresponding directrices. 

Ee. 4. Prove that circular cubica with the same real asymptote, 
singular focus, and self-inverse with respect to the same point have a 
common focal parabola. 

— ES 


* Salmon—Conics, § 207, Ha. 14. 
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201. CIRCULAR CUBICS WITH GIVEN FOCI: 


Suppose the focal parabola intersects the circle of inver- 
sion in the four foci a,,a,,a,,a,. Then the chords a,a, 
and a,a, are equally inclined to the axis of the parabola, 
t.e. the xis bisects the angle between the two chords.« 
Since there are two bisectors mutually perpendicular, in the 
pencil of conics through the four points, there are two 
parabolas, whose axes are mutually orthogonal. 


Hence, given four concyclic foci, there are two circular cubics, 
the axes of whose focal parabolas are mutually orthogonal. 


This is a particular case of the theorem in article 189, 
which was originally obtained from geometrical considera- 
tions by Dr. Hart. The two cubics have seven common 
points, which can be geometrically determined with the 
help of article 13. 


Ea. 1. Four concyolic foci are given. Show that there are two 
circular cubics whose real as;mptotes are perpendicular, 

Ex. 2. Theline-pairs joining four concyclic foci of a circular cubic 
are equally inclined to the real asymptote. 


Ee. 3. A conic passes through four given concyclic points, Prove 
that the locus of the foci is a pair of circular cubics with the given 
points for foci. 


202. INTERSECTIONS WITH A CIRCLE: 


If a circle intersects a circular cubic in four pointe, the 
opposite sides of the quadrangle formed by these four points 
intersect the cubic again in three pairs of points. The line 
joining each patr of these points ts parallel to the asymptote. 


Let the circle intersect the cubic in four points A, B, C, 

D. Let the® pairs of opposite sides AB, CD; AO, BD; 

BC, AD intersect the cubic again in the three pairs of 

points E, F; E', F'; E”, F” respectively. Then the lines 
EF, E'F', E"F” are parallel to the asymptote of the cubic. 


Salmon—Conics, § 244. 
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Taking ABC as the triangle of reference, the equation 
of a circle and a conic through the points A, B,C, D may 
be taken respectively as— 


T Sayz+ bza-+-cry=0 
and Swfys+gze+hey=0 


The cubic is then represented by «,T=IS we (1) 


where u, alo-+my+nz 


The equation of CD is obtained, by eliminating z 
between T and 8, in the form— 


c(fy +92) =h(ay+bz) we (2) 
Substituting in (1) from (2), we obtain— 
(cu, ~h1)(ays+bzx+cxy) =0 


showing that the line cu, —hI=0 (3) 
passes through the point F, where CD meets the cubic again. 


Since, by putting z=0 in (1) and (3) we obtain the 
same equation, it is clear that the line (3) also passes 
through the point E where AB meets the cubic, z.¢e., (3) is 
the equation of EF. 


But cu,—AI is evidently parallel to the asymptote of 
the cubic, showing that EF is parallel to the asymptote, 
Similarly, E'F’, E”F” are found to be parallel to the same 
asymptote. 

It follows that if the sides GE, EF and GF of the 
triangle EFG in § 199 be produced to meet the cubic in 
F, @', E' respectively the lines GG', FE’, BE’, are parallel 
to the asymptote. 

For, the four points A,G,E,.C are the intersectiong of the 
cubic and a circle, and AC, EG meet the cubic again in F 
and F, FF’ is parallel to the asymptote. 
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The following particular cases should be noticed : 


1, If A and B coincide, the circle touches the cubic at 
A, the line AE being the tangent, and we obtain the 
theorem :— 
o 


If a circle touch a circular cubic at A and intersect it in 
two points C and D, the line joining the tangential of A to the 
third point where OD cuts the cubic again is parallel to the 
asymptote. 


II. If A,B as well as C, D coincide, the circle has 
double contact with the cubic, and we obtain :—~ 


If a circle has double contact with a circular cubic, the 
line joining the tangentials of the points of contact is parallel 
to the asymptote and the chord of contact intersects the curve 
at a third point where again the tangent is parallel to the 
asymptote, i.e., the point is a centre of inversion. 


III. If the three points A, B,C coincide, the circle 
becomes the circle of curvature at A, and the line AD is the 
chord of curvature. Hence we obtain the theorem : 


The line joining the tangential of a point A and the third 
point where the chord of curvature® at A intersects the cubic 
again is parallel to the asymptote. 


IV. Ifthe four points A, B, C, D coincide, the point A 
becomes a cyclic point, and the theorem becomes :— 


The tangent at a cyclic point of a circular cubic intersects 
the cubic again in a centre of inversion. 


Since ‘the tangent at the tangential of the cyclic 
point is parallel to the asymptote, that point must be 
a centre of inversion, Thus, the cyclic points are the 
points of contact of the tangents drawn from the centres 
of inversion, and consequently there are sixteen cyclic 


points. 
AQ 
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203. THE INVERSE OF A CIRCULAR CUBIC: 


We have shown that the inverse of a biciroular quartic 
is a circular cubic, when the origin is a point on the curve. 
Conversely, when a circular cubic is inverted from any point 
not on the curve, the inverse is a bicircular quartic, but if 
the origin is a point on the curve, it inverts into another cir- 
cular cubic. 


Let ur? +v, +, +0, =0 


be the equation ofa circular cubic. The inverse of this 
with respect to the origin is— 


k’ kt k* k’ 
* Pag +g $01 $9 =0 
or, Vort Fh*riv, +h*(v, +h8u,)=0 


which passes through the origin and is a bicircular quartic. 


If the cubic passes through the origin, »,=0 and the 
inverse curve becomes— 


rv, +k*v, +ktu, =0, 


which is another circular cubic through the origin; and 
the two curves are such that the tangent to one at the 
origin is parallel to the asymptote of the inverse. 


Again, if the line u, =0 is the asymptote, then u, must 
be a factor of v,, so that v,=u,u',. Then the inverse 
curve is— 


ry, 4+ k’u u’, +htu,=0 


which shows that the origin is a point of inflexion on the 
inverse cubic. Hence we obtain the theorem :— 


If a circular cubic be inverted from the point where the 
asymptote cuts the curve, the point will be a point of infleaion 
on the inverse curve and the asymptote will invert into the 
inflextonal tangent. 
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This also .follows from the following geometrical 
consideration :— 


Since the asymptote passes through the origin, its 
inverse will bea line through the origin, and the origin 
inverts into itself. The two consecutive points of contact 
at infinity of the asymptote invert into two consecutive 
points at the origin on the inverse of the asymptote. 
Hence, three consecutive points at the origin lie on a right 
line, which is therefore a point of inflexion. 


He. 1. Show that the osculating circle at the origin of inversion 
on a circular cubic inverts into the asymptote of the inverse. 


Ew, 2. Prove that through any point on a ciroular cubic (or bi- 
circular quartic) can be described nine circles elsewhere osculating the 
curve, and of these circles three will be real and their points of contact : 
will lie on a circle passing through the given point. 


{Invert a circular cubic and its nine inflexions. ] 


Ex. 3. Prove that the centroid of four concyclic fooi of a circular 
cubic is the foot of the perpendicular drawn from the singular focus on 
the real asymptote. 


Ev. 4. Show that the curve «(e?+y*)+au2+by?+co=0 is self- 


inverse with respect to the circle #?+y*=c. 
+ 


204. THEOREM 


The points of contact of the tangents, which can be drawn 
from the point where the asymptote meets the curve, lie on a 
circle. 


From a point of inflexion, there can be drawn three 
tangents to a circular cubic, the points of contact lying on 
the harmonic polar. If now we invert with respect to the 
point of inflexion, the inverse will be a circular cubic, the 
inflexional tangent inverting into the asymptote and the 
tangents will invert into the tangents, while the harmonic 
polar will invert into a circle through the origin, which 
proves the proposition. 
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205. THEOREM : 


The common nine-points circle of the triangles formed by 
joining any three of the centres of inversion passes through the 
point where the cubic ts cut by the asymptote. 


Suppose the nine-points circle meets the cubic in a fourth 
point O (Fig. §. 197) and let FO cut the cubic again in F”. 
Then F'F” and FF’ are both parallel to the asymptote by 
§ 202, Hence F and F” coincide and FO is the tangent to 
the cubic at F. Similarly, EO and GO are tangents at E 
and G respectively. We may then state the following 
theorem : 


The tangents at E, F, G meet at the point O where the nine- 
points circle cuts the cubic again. 


Since the points E, F,G lie on the nine-points circle 
which also passes through O, the point O is the intersection 
of the cubic with its asymptote, which proves the propo- 
sition. l 

It is then evident that the four centres of inversion 
A, B,C, D are the centres of the three escribed and the 
inscribed circles of the triangle EFG, where E, F, G are the 
points of contact of the tangents drawn from the point O 
where the asymptote cuts the cubic. 


Eo. 1. Show that the equation of the cubic can be put into the 
form— 
S(lz cos A + my cos B + nz cos C) 


=I(lz? cos? A +m cos? By? +n cos? Os?) 
where S=acos Aw? +b cos By? +c cos Oz? andeol+m+tnaæ0. 


[Take ABO as the triangle of reference. } 


Ez, 2, Show that the tangent at A is— 
y(m sin O 4 n cos A sin B) +2 (n sinB +m cos A sin 0) =Q r 


which is parallel to the asymptote, 
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206. POINTS OF INFLEXION ON A CIRCULAR CUBIC : 


Let the equation of the curve be taken in the form— 
(lx + my + nz)(ayz+bzæ -+ czy) 
= (ast by +02) (a's? +b'y? 40's? +2f'y2+2g'ce+Whry) 
If the curve passes through B and C, we must have— 
b’=c’=0, and the equation reduces to— 
(la-+my + nz) (ayz-+ bza +cry) 
=(ar+ by +cz)(an* +2f'yz+2g'ze +2h'zy) (1) 


Suppose the vertices B and C are points of inflexion on 
the curve, with BA and CA as the inflexional tangents. 


Therefore, if we put y=0 or z=0 in the equation (1) 
it should reduce to 2#°=0. 


Putting y=0, we obtain— 
b(le + nz)2a=(ax-+cz)(a'x? +29'zr) 
whence, we must have— 
bl—ca'—2ay’=0 and bn—2cg'=0 
ca! =bl—2ag’ =b(cl—an)/c ws (2) 


Similarly, putting <z=0, we obtain— 
ba' =ce(bl—am)/b we (3) 
Since the third real inflexion D must lie on the line BO, 


we obtain the equation of the line AD, by putting z=0 in 
(1), in the form— 


(my +nz)a=2f (by +z) 


If, however, D be at infinity, AD is parallel to BC, and 
we must have m/b=n/c 
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Hence from (2) aud (3) we obtain— 
a'c? =bel——abn=bel—aom=0'5* 
whence a(c?—b*)=0, t.e, c=b 
and consequently m=n. 


The asymptote is thus given by læ+m( y+z)=0, which 
is a line parallel to BC. 


We thus obtain the theorem : 


If a circular cubic has three real inflezions, one of which 
ts at infinity, the tangents at the finite inflexions form an 
isosceles triangle with the inflexional line as base, and the 
infle.tonal line is parallel to the asymptote of the curve, 


Ex, 1. P and Q are two points on a ciroular cubic such that the 
osculating circle at P passes through Qand vice vers, prove that the 
tangents at those points meet on the cubic. 

Ex. 2. The radius of curvature of a circular cubic is a maximam 
or a minimum at its intersections with the circles of inversion. 

Ee. 3. A chord is drawn through the point where the real 
asymptote meets a circular cubic, Prove that the intersections are 
equidistant from the singular focus. 


a 


CHAPTER XI 


SPECIAL Curves or ORDER Four 
207. SPECIAL QUARTICS : 


We shall, in the present chapter, discuss the properties 
of a variety of well-known curves of the fourth order, which 
have acquired historical importance, having been associated, 
for the most part, with the names of some of the greatest 
geometers of past ages. All the projective properties of 
these curves can be easily generalised by projection, as we 
have already shown in the case of tricuspidal or tribiflec- 
nodal curves. 


208. Tue CAssINIAN: 


The locus of a point which moves so that the product of 
its distances from two fixed points is constant is called a 
Cassini’s oval or the Cassinian. This curve was originally 
studied by Dominicus Cossini in connection with problems 
in astronomy and is accordingly named after him.* 

In order to obtain the Cartesian equation of the curve, 
we take the middle point O of the line joining the two fixed 
points F, and F, asthe origin of a system of rectangular 
axes, and OF, as the axis of z. If we denote the distance 
between F, and F, by 2a and the constant by c*, the locus 
of a point P(x, y) on the curve is given by— 


VETA ty Vara ty? =e? 


or (æ? + yt)? — 2a’ (o° —y*) +a*—c*=0 (1) 


i Cassigi—Eldmenta d’gatronomie—(1749), p. 149, 
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which may again be written in the form— 
(0? +y’ +a?) —4a’ æ* —ct =l) * (2) 
or, putting c*=4a*tk*, in the form— 
(x° +y’ + at)? =4a? (x? +k?) 
showing that the curve is a bicircular quartic, and is 


symmetrical with respect to the two mutually perpendicular 
axes. 


The equation of the curve in polar co-ordinates can be 
put into the form* : 


r*—2a'*r* cos 20-+-a*—c* =0 (3) 
MIN \) 
E A 


The curve always cuts the axis of x in two real points— 
gaz + vas +c’ 
and in two other points— 
eat ‘a*—c* 


which are real, only when a’ >c*. The axis of y meets it 
„in two imaginary points and in two other points which are 
real, only when a’ <c’. Thus it is seen that if a* > c’, 
the Cassinian consists of two detached ovals, each of which 
encloses one of the fixed points F, and F,. If a* < ce’, 
it consists of a single circuit. The forms of the Cassinian 
are shown in the diagram. n 

When a*=c*, the curve becomes a lemniscate of 


Bernoulli. 


— oe 


® For detailed information the student is referred to Garlin— 
Nouvelles An. de Mat. (1855), p. 805; Darboux—Sur une classe 
remarkable de courbes, oto. Paris (1873), p. 78. & 
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Writing the equation (1) in the form— 
{z*—(a*—y*)}*—(c*—4aty*) =0 


it is seen that if we put c*=4a*y*, the equation reduces 
è 
to a perfect square, Consequently, the lines +y=c*/2a 
are two bitangenis of the curve, the absoisss of the points 
of contact being— 
goo 
4 vat —c* 


z= I 2a 


which will be real, only if c < av2. 


When c=av2, the two points of contact coincide, and 
we obtain a point of undulation. 


In order to determine the nature of the points at infinity, 
we take the circular lines and the line at infinity as the 
sides of the triangle of reference, ĩ. e, we put— 

we vy aly and c—ty=B/y 
and the equation (1) takes the form— 
(a? —a*y*)(B —a*y*)—ctyt*= (4) 
which shows that the lines 
atay=0, te, w+iyt+a=0 


are tangents at the circular point (a=0, y=0), each 
meeting the curve in four coincident points, č.e , they are 
inflexional tangents. 


Similarly, the lines B+ay=0, or z—iy+a=0 are 
inflexional tangents at the other circular point (8=0, y=0). 


Hence, the circular points are biflecnodes on the Oassinian.* 


Oayley—Note on the Oassinian—Meas. of Math., Vol. 4 (1878). 
33 
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Ex, 1, ABCD is a parallelogram, The locus of a point P such 
that PA.PO : PB.PD is constant is a Cassinian curve. 


Eo. 2. Prove that the locus of the intersections of two circles 
touching a tangent and having their centres at the foci of a given conic 
is a Cassinian curve. 


t 
Ew. 8. Show that the locus of the foci of an ellipse through a fixed 
point and having a given director circle is a Cassinian curve. 


Es. 4. Show that the pedal equation of the Oassinian is— 

r*—2a°pr=a*—c*. 

Es. 5. Given base of a triangle 2c and rectangle under sides c*. 
Show that the locus of vertex is a Oassini's oval, whose equation, 
referred to the middle point of the base as origin is— 

Ea. 6. Prove that the Oassinian curve is the envelope of a variable 


circle whose centre moves along a hyperbola and which cuts the 
director circle of the hyperbola orthogonally. 


209. OTHER FORMS OF EQUATION OF THE CASSINIAN: 


If the two fixed points F, and F, are taken as the poles, 
the curve may be represented in bipolar co-ordinates by the 
equation— 

pp =8 constant =k? (1) 


The equation of the curve may further be expressed in 
terms of the angle 0 between the two radii p, p' joining any 
point P on the curve to the two fixed points F, and F, 
and the radius vector drawn from the mid-point O to the 
point P. 

For, we have— 


FF =PF} +PF,'—2PF PF, cos 6 
PF,.PF,=k, PF2+PF,=20'+20P. 
4a? =2a' -+ 2p? —2k* cos Ô 


p’ =a? 4 k? cos 6 a (2) 
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210. Foct or THE CASSINIAN: 


The biflecnodal tangents meet at the two fixed points 
(+a,0}, which are consequently the singular foci of the 
curve ; in fact, they are the two triple foci. 

s 


In order to determine the ordinary foci, we have to 


find the tangents which can be drawn from the circular 
points. 


Consider the line a=ky which meets the curve (4) 
of article 208 in four points obtained by putting a=hy 
in (4), z.e., the points are given by the equation— 

y% {(k* —a? )(B% —a*y*)—c*y* }=0 

The line will meet the curve in two coincident points, 
if the expression within the bracket is a perfect square, 
which requires that— ee 
ak= + /a*—c* 
so that the equation of the tangent becomes— 


aa= + Vat—ct, ie, @+iy=+tvat—ct la 
Similarly, the tangent drawn from the other circular 
point is— _ 
a—ty=+ vat—c*t /a 


These two conjugate imaginary tangents intersect at 
the two real points— 


a+ V/at—c* | a, y=0, if a*>c? 
and at the two imaginary points— 
a=0, y=+t+Vat—ct/a, if <e 


Hence, the ordinary foci lie on the line F,F, joining 
the two triple foci, when the curve consists of two ovals, 
while they lie on the line through the mid-point O at right 
angles to F,F,, when the curve has a single circuit. 


Ee. 1. Show that the orthogonal trajectories of a family of 
Cagsinian curves with singular foci F, and F, are rectangular hyper- 
bolas with F,F, as diameter. 
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Ea. 2, The polar conio of a point P with respeot to a given 
Cassinian curve has a constant eccentricity. Prove that the locus of 
P is a Cassinian curve with the singular foci of the given curve as 
ordinary foci. 

Ee. 3. Find the locus of inflexions of a system of Cassinian curves 
with given ordinary foci. 


211. CONSTRUCTION OF THE CassINIAN: 


The Cassinian curve can be geometrically constructed in 
the following manner : 


With centre O and radius r describe a circle. Let A,, A, 
be two points on its diameter F,F, produced, equidistant 
from O. Through A, (or A,) draw any right line intersect- 
ing the circle in two points M and N. If now we describe 
two circles with F, and F, as centres and A,M, and A,N 





veapectively (or A,M, A,N) as radii, intersecting each other 
in points P, the locus of P will be a Oassinian curve. 
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Let O be the origin and F,F, the axis of æ. Ifd be the 
distance of A, and A, from O, and w the angle which the 
variable line makes with the axis of x, then 


A,M=d cos w+ Vr? —d? sin’w 

and A,N=d cos w— Vr? —d? gin? wo 
Then the equations of the two circles are respectively—- 
æ? +y? —2ra=d*(cos*w—sin? w)—2d cos o Vr? —d* sin*w 


w? +y’ + 2rx= d*(cos*w—sin?w) +2d cos w vr? —d* sin w 


Eliminating w between these two equations, we shall 
obtain the locus of P. 


The two equations may be replaced by the following equi- 
valent forms : 
æ? +y? =d? (cos? w—sin® w) 


and re=d cos w vr’ —d? sin?’w 
From the first of these equations we obtain— 
d? — g? — y? 


z tyr Eee pga 
Substituting these in the second, we obtain the required 
locus given by— 
(a? ty?) — 2r (1è —y")=d* (2r a) (1) 


which is evidently a Cagsinian curve. 


cos? w 





Since the equation remains unchanged when the sign 
of d is changed, it follows that the same curve will be 
obtained, if instead of the point A, we take the point A,. 


The equation (1) will be identical with (1) of § 208, 
if we put r=a, and d=~va*+c°. 


Hence, the line joining the singular foci is a diameter ‘of 
the fixed circle and the two fixed points in which the 
Cassinian cuts this diameter are always real. The curve is 
unipartite or bipartite, according as d >, =, or, <rv/2. 
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212. Tae TANGENT AND tHE NORMAL: 


Several methods have been given for constructing the 
tangents and normals of the Cassinian. The following 
geometrical method for constructing the normal is im- 


portant.” 


Let the curve be defined in vectorial co-ordinates by the 
equation— 


f=pp =k’ (1) 
Then, af. a : af or = 
Op ` Op" ` 


Now, Let PT be the tangent at P, and y,=Z TPF, 
and ¥,=ZTPF,. 


of of = 2 
gp ee g ees =0 (2) 


Again, from any point-R on the normal, draw RL and 
RM respectively parallel to F,P and F,P. 
Then, PL LR=sin RPM ; sin RPL 


=cos ý, : —cos Y, 


=F Y, 
aP a 


* This method may conveniently be applied for finding the normal 
to any ourve defined in voctoriul co-ordinates by an equation of the 
form fip, p') = constant. 
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Hence, if we measure on PF, and PF, lengths PL and 
PM which are in the proportion of 


of , n 
dp 2, te, PF, PF, 


then the diagonal of the parallelogram thus formed is the 
required normal at P. 


Again, let ¢,=ZRPF, and ¢,=ZRPF, 


t 


— P 


Then Æ — * 
sing, sing, 





At F,, F, draw two lines F,T, and F,T, at right 
angles to PF,, PF, respectively, meeting PT, drawn 
perpendicular to PR, in T, and T, respectively. 


t 


: PT, = 2, PT = -P 
Hence — ‘er? 
and consequently PIS PL. 


Thus we obtain the following construction for the tangent 
given by Steiner * : 


At F, and F, draw two lines at right angles to the 
respective radii. The line through P, the intercept on 
which by those lines is bisected at P, is the tangent at P. 


Ep. 1. If PN be the normal at P on a Caasinian, prove that— 
LF ,PO= ZF,PN. 


Rv. 2. If*the normal at P meet F,F, in Q, prove that 
F,P*: F,P*:: F,G: F,G. 


— — —— — — — — —— 





# Steiner —Hinfache Konstruction der Tangente an die allgemeine 
Temniscate—Orelle, Bd. 14 (1835). 
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213. Pornts OF INFLEXION * : 
The polar equation of the Cassinian is— 
r* —2a*r* cos 20-+-a* —c*=0 (1) 
If the angle which the tangent makes with the radius 
vector to the point of contact be denoted by y, we have— 
Or 


. 00 

=r ⸗ d — 

sin y=r Ss and cosy S: 

Differentiating the equation (1) with respect to s, we 
obtain— 

r? cos Y=a? cos (26—y) (2) 

Eliminating r between the equations (1) and (2), we 
obtain— 

a? sin 20=c¢*cos y (3) 


Differentiating this with respect to s, we obtain— 


2a? cos 26 * =<=—c*sin y * 


y __ 2a?’ cos 20 200 240 cos 20 


— 
— end — 


Os co? siny Os cc? r 
If $ is the angle which the tangent makes with the 
initial line, we have 0=¢+yŅ. 








If p is the radius of curvature, we have— 


-õe _ 0 _ % = 30 4. 2a? cos 20 


pos 0s ~ Os e r 
_siny , 2a* cos 20 
-= ants cr 
From (2) and (3) we obtain— 
r? cos y==a* (cos 20 cos Yy + sin 26 sin y) 


mas (cos 26 eos y+ Tomy sey) 


we (4) 





A r? =a° cos 26-+c* sin y 


* F, QG, Teixeira—Tratado de las Curvas Especiales Notables (1905), 
p. 111, 
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Combining this with the equation (1) of the curve, we 
obtain — 


+ 4 4 
og—7* tat —c ; 4* + 
cos 20= SFP Te and sin y=” Z4 to 
a?r 2c°r? 


y4 — qt + ct 2a% 7* +t T via 
2c* rs cx * Barr? 


— 3r*tat—ct _ 3rt—r* +2a*r? cos 20 


—— Dey? 


— 2r* +2a"r? cos 20 _ r° +a’ cos 20 
sa asp 


At a point of inflexion, p=oo, and consequently 
r? +a? cos 20=0 


which is a lemniscate of Bernoutli, č.e., the inflexions of the 
Cassinian are its intersections with this curve, and since this 
latter equation is independent of the parameter c, it 
follows that all Cassinian curves with the same singular 
foci have their inflexions on this confocal lemnisecate. 

The first polar of the origin breaks up into the line at 
infinity and the hyperbola - 


a?(c*§—y*)=at—c* 


Eliminating c between this and the equatior (1) of the 


curve, we find— 
r? — a? cos 26=0 


Hence we optain the following theorem : 

The points of contact of tangents to all Oassinians with the 
same singular foci drawn from the mid-point of the focal line 
lie on a lemniscate of Bernoulli," 


* The rectification of Cassinian curves involves elliptic integrals, 
for whioh the student is referred to F. G. Teixeira——Tratado de las 


curvas, eto. (1906), pp. 113-118. 
34 
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214. Tue Cartesian OVALS: 


We have seen that a bicuspidal quartic having two cusps 
at the circular points at infinity is called a Oartestan, 
Descartes studied this curve and it is known after him as 
the Oval of Descartes. He defined it as the locus of a point 
P whose distances from two fixed points F, and F, are 
connected by the relation— 


lp+mp'=n 
Descartes gave the following construction of the curve: 


Let F, and F, be two given points and r any line 
meeting F,F, in A. With centre F, and any radius 
describe a circle, and let B bə one of its intersections with 
F,F,. Onr we now take a point C such that 


AC: AB=a constant À 


On r we also measure AR=AF,, and describe a second 
circle with F, as centre and CR as radius, which meets the 
first circle in P. Then the loous of P is a Cartesian oval. 


We have-- 

F ,P=F,B=F ,A+AB=F,A+AF,/A 
F,P=RC=AC—AR=AC—AF, 
A.F,P~F,P = AAF, —AF, 

or, putting A=—p/y, pl, P+vF,P=pAF,—vAF, 

AF, —v AF, =l=pPF,+vPF, 
which is certainly of the form— 
lp+mp'=n (1) 


It is easily seen that the locus passes through the 
point A. 


The bi-polar equation (1), when expressed in Cartesian 
co-ordinates, reduces to one of the fourth degree, and conse. 
quently represents a quartic curve. 
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The following particular cases should be noticed : 


(1) When l=m, the equation becomes p-+p’=constant, 
which evidently represents an ellipse or a hyperbola. 

(2) Jf n=0, we obtain p:p'=constant, which re- 
presents a circle. In fact, when any one of the three 
quantities l, m, n vanishes, the equatior. represents a circle. 

(3) When l=n or m=n, the locus is a limaçon. 
It is easily seen that the curve is bipartite, consisting of two 
ovals one lying inside the other, the former corresponds to 
the equation lp+mp'=n andthe latter to lp—mp' =n. 


215. Nerwron’s METHOD: 


Newton defined a Cartesian oval as the locus of a point 
whose radial distances from two fixed circles are in a 
constant ratio. 

If (#,,4;) and (£3, Ya) be the co-ordinates of the 
points F, and F,, then the equation (1) can be written 
as— 


LV (a—#,)*+(y—yi)® mV (r—e,)” + (y—ys)* =0...(2) 
Now, we can determine in an infinite number of ways 
two constants 7, and r, such that— 


lr, +mr, =n 


The equation (2) can ther. be written in the form— 


V(e— @))*+ (yy Pm" =4+7 we (3) 
e V(a—iy)? +(y—ys)* —?, 


The numerator of this represents the distance of a point 
(x, y) from a circle with centre F,(x,, y,) and radius r,, 
while the denominator represents the distance of the same 
point from the circle with centre F,(#,, y,) and radius r,, 
whence the truth of the statement follows. 
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Chasles has given a second method of generating the 
ourve similar to that of Newton. 


Let ©, and OC, be two circles with centres O, and O, 
and O the middle point of 0,0,. Suppose a radius vector 
drawn through O meets the circles in P,, P, and Q,, Q, 
respectively. Then the radii O,P,,0,P, of C, meet the 
radii O,Q,, 0,Q, of C, in four points P, whose locus is a 
Oartesian oval. Consider the triangle O, O, P which is met 
by the variable line in O, P,,Q,. Then, by the theorem of 
Menelaus, we must have— 


If r, and 7, be the radii of the two circles, we have— 


PP, =D. — 42constant, 


PQ, 0,07, 
which, therefore, by Newton’s theorem, gives the locus of P 
as a Cartesian oval. 


This method is very useful not only for constructing the 
curve by points, but it supplies avery simple method of 
constructing the tangent. Chasles remarked that the 
‘tangent to the curve at P and tangents to the circles at the 
corresponding points meet inone point. It can also be 
seen from this theorem that the Cartesian does not consist 
of a single oval, as stated by Descartes and others, but of 
two conjugate ovals having no finite common points. 


Ee. 1. Prove that the locus of a point the tangenta from which to 
‘two fixed circles are connected by a linear relation is a Cartesian. 


E». 2. Rays of light emanating from a luminous poiht are refracted 
from a surface separating two transparent media of different deusities, 
and converge toa point. Find the nature of the separating surface. 


Ex. 8. The base angles of a variable triangle move on two fixed 
circles, while the two sides pass through the centres of the circles, and 
‘the base passes through a fixed point on the line joining the centres ; 
prove that the locus of the vertex is a Cartesian. 
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216. OTHER FORMS OF THE CARTESIAN : 


The fixed points being F, and F, and the variable point 
P, let 


F P=r,, F,P=r,. F,F,=c and ZPF,F,=0. 
We have lF P+mF,P=nc (say) 
LF, P? +2%¢% —2QnclF , P=m*F, P* sar (1) 
But F,P?=F,P°+F F2—2F,P.F,F,. cos 0 
=r $ +c*—2r,ccos 0 
^ The equation (1) becomes— 
lsr è + n°c* —2nelr, =m? (7,2 +c? —2r,c cos 8) 
W- rè (12 —m?)—2er, (nl—m? cos 0) 
+c*(n?—m?)=0 (2) 
which may be written in the simpler form— 
r2{—2 a+bcos6)r, +k? =0 (3) 


If (r, y) be the co-ordinatee of P referred to F, as 
origin, the Cartesian equation of the curve takes the 
form— 


{rè (1° —m*) +2cm? ¢+(n? —m?)c? J}? =4n2e8l*r 8 (4) 
If now we put 
V = (l*—m* )r,? + 20m? 2+ (n? — m0? )e* 
and U= ty’ 
The above equation may be written in the form 
Vi? =4kU 


It follows then that the curve may be regarded as the 


envelope of 
4k*t* +2¢V +U =0 ww» (5) 


where ¢ is a variable parameter, which represents a system 
of circles having their centres on the axis of r. 
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217. SALMON’S METHOD: 


The equation of the Cartesian may generally be brought 


to the form— 
— L (1) 


€ 
when C represents a circle and L a right line, k being a 
constant, 


From this form of the equation it is evident that the 
intersections of © and k are cusps, the cuspidal tangents 
meeting in the centre of C, which is consequently the triple 
focus of the curve, and the line L=0 is a bitangent. 


The curve can be regarded as the envelope of the vari- 


able circle— 
NkL+2AC +k? =0 vee (2) 


the centre of which moves along a line perpendicular to L. 


The equation (2) will represent a point-circle, if its 
discriminant vanishes, which, however, gives three values 
of A, corresponding to which there are then three foci of 
the curve. 


If A, B, C represent any three of the variable circles, 
the equation of the envelope can be written as— 
LVA+mV/B+nVC=0 
whence lp-+mp'+np"=0, where p, p, p” 
distances of any point from the three foci, 


represent the 


Since k*=0 represents a circle of the system corres- 
ponding to the value A=0, we may write the equation in 
the form— 

la+mp'=nk. 


For further information of the different forms and the 
properties of an oval of Descartes, the student is referred to 
the paper by S. Roberts in the Proceedings of the London 
Mathematical Society, Vol. 3 (1869-71), pp. 106-127. ` 
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218. CASEY’S METHOD: 


Casey,* as a particular case of bicircular quartics, gave 
the following method of generating a Cartesian : 


If a, circle cuts a given circle orthogonally, while its centre 
moves along another given circle, its envelope is a Cartesian 
oval. 


If in the equation (7) of § 169, we put a=b, the 
equation reduces to— 
ta’ {(e +f) +y tg) } = ety e)’ (1) 
which may be put into the form C*=k°L, and therefore 
represents a Cartesian oval, 


The point (—f,—g), i.e., the centre of the fixed ortho- 
gonal circle is evidently a focus, and from what has been 
said in § 172, it follows that the limiting points of the two 
fixed circles are also foci of the curve. The Cartesian has 
therefore three foci which lie on a right line. 


219. Poci or CARTESIANS : 
Take O the middle point of F,F, as origin and 
F,F,=2a, sothat F,O=OF,=a 
The equation of the curve can then be written as— 
LV (a—a)*+y? +m (eta) +y? =n (1) 
Now, transform this equation by the substitution— 
z+iy=ajy and «—iy=B/y 
so that we obtain— 
Ivia ay) B ay) +m Vlatay B Fay) =ny 
or, clearing the radicals this now takes the form 
{1° (a—ay) B—ay) —m*(a+ay) (B+ ay)}? 
—2ny* {1*(a—ay)(B—ay) +m (a+ay)(B+ay)} 
+n*y*=0 (2) 


+ 
* Oasey—Transactions of the Royal Irish Academy (1869). 
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This form of the equation shows that the two points 
(a=y=0 and B=y=0), we. the two circular points are 
double points on the curve. 


The tangents at the point a=y=0 are given by— 
{1*(a—ay)—m*(a+ay)}*=0 
It is therefore a cusp, the equation of the cuspidal 
tangent being— 


— 13 +m? 


Apene 


which in Cartesian co-ordinates becomes— 


3 tm 


Pom” 





g+ iym: 


Similarly, the other circular point is a cusp and the 
tangent at that point is— ‘ 


1? te 


a— ty =) a 





These two tangents evidently intersect at the real point— 


1? +m? 
a So 


which is therefore the triple focus of the curve. 


In order to determine the ordinary foci, we consider the 
intersections of the line y=ka with the curve, če, we put 
y=ka in equation (2), which becomes now divisible by a’. 
We then determine k so that the remaining factor, regarded 
as an equation in a/y has a double root. 


Thus k is found to satisfy the equation— 
(p*—g*) (kn? +2ap)=0 
where: pel*(l—ak)—m*(1-+ak), 
qalt(l1—ak)+ m’ (1 +ak). 
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This gives three values of & and the three tangents 
drawn to the curve from the circular point a=y=0 ara 


finally given by the equations : 
ety =a t+iy=—a, 
20 (l +m? )—n' 
gtiy= 2al =m) . 


Similarly, the three conjugate tangents drawn from the 
other circular point B=y=0 are— 


2—ty =a, I—ty=—a 
i 20 (1 +m? )—n? 


These tangents intersect at the three points— 


ama, y=0, s=—a, y=0, 
_ 2a*(1* + m*) —n* * 
ane "= aom) ' y=0 


which are the ordinary foci of the carve and it is evident 
that the three foci are collinear. 


The first two are obviously the two fixed points F,, F,, 
and the third was first obtained by Chasles* fram geo- 
metrical considerations. He shewed that a third paint F, 
could be found on the line F,F, whose distance pọ” from 
the variable point P satisfies a relation of the form 
lp + np” =constant, and the third point ig a focus.t 


* Ghasles—Apercu historique, Note XXI, p. 352. 

+ In fact, a bicuspidal quartic having two cusps at the circular 
points at infinity has three collinear ordinary foci. When these foci 
are real, the curve is that studied by Descartes; while when two are 
imaginary, the curve is still called a Cartesian, though Descartes’ 
mode of generation is no longer applicable. For a detailed study of 
the curve, the student is referred to the authors cited above and to 
Sylvester—Phil. Mag., Vol. 31 (1866), Liguine—Ball. des Sciences 
Mathématiques—Seoond series, Vol. 6 (1882), p. 40, Intermédjare des 
Mathématicieas, Vol. 3 (1906), p. 288, 
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220. EQUATION REFERRED TO THE TRIPLE FOCUS: 


From what has been said above, it is easily seen ‘that 
the triple focus lies on the line on which the three ordinary 
foci lie. 


If now the origin is taken at the triple focus, the 
distances z,,2,,u, of the three foci from the origin 
can easily be calculated from the values obtained in the 
preceding article. 

Thus we find— 


_ a(l +m") +n? 


ag, Fr, t2, = 2al =m) 


Pariz, trd, ae, emt tP Emt)’ 


2al’ m” n? 


YEr = aL maye 


whence a new equation of the oval is obtained * in the 
form— 


(2? +y’ —B)* +4y(21—a)=0 (1) 
This equation can be derived directly as follows : 
Taking the line of the foci as the axis of x, the equation of 
a quartic with cusps at the circular points takes the form— 
(28 ty’)? + ka ty? at (an? tby’ +2gx-+c)=0 (2) 
The curve is of class six and has one triple focus O and 
three real ordinary foci F,, F,, F,. 


If now O is taken as origin, the foci F,, F,, F, are the 
points (2, 0), (£4, 0), (cy, 0). 


The lines y=+7» are asymptotes twice over, whence 
from eqnation (2) we must have— 


=0 and a=b 


* See Panton—The Educational Temes, Question 2622, 
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Again, the line y=7(x—p) willbe a tangent to (2), 
if 4gp* + (4c—a*)p® —2agp—g* =0 


This is a cubic in p, whose roots are the distances of 
F., F,, F, from the origin O, 7.¢., £1, Das Lge 


at —4c — = 
25- F B=—a/2 y=g/4 





whence g=4y; a=—28 and c=B*—4ay, 





<. The equation (2) becomes— 
(2° +y*)* —2B(2* +y") +8ya+ (8? —4ay)=0 
tc. {x by* —(@, 0, bgt, +2,2,)}° 
+44, 2g2%,{2e—(e,+2%,+2,)}=0 ... (3) 


This equation is clearly of the form C*=k*L and 
therefore represents 9 Cartesian oval. (§ 218) 


The equation is symmetrical in «x,, Z, 2%, and conse» 
quently the curve stands in identical relations to the three 
foci F,,F,,F,. It easily follows that the distances of 
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the foci from any point on the Cartesian are connected by a 
linear homogeneous relation of the form— 


lp-+mp'+np"=0 
as was otherwise stated in Article 217, 
The equation (3) shows that the line s=4(x, +2, +, ) 
is the only bitangent to the curve, the points of contact 
lying on the circle— 


ca 


w? +y*=2,7,+7,0,+2,2, 


221. POSITION OF THE FOCI RELATIVE TO THE CURVE: 


Let the curve be defined by the equation of the usual 
form p-+pp'=a, where p, p’ represent the distances of any 
point on the curve from the foci F,, F,, while p and a 
are constants, a>F,F,, 1 >> 0. 

It is easily seen that the curve consists of two ovals, one 
lying inside the other, the former corresponding to the 
equation p+yp'=a and the latter to p—pp’=a. 

Let the first oval cut the line P, P, in A and B, where A 
lies on the left of F, (Figure of Art. 220). Then we have— 
F,A+pF, A =a 

^ F, ,A=a—pufF,A=a—p(F, F, +F,A) 


whence KA= F. where FF, =c. 


— 4760 = 
Similarly, F,B= pa and AB — 
Since a@>c and I, F,A and F,B are both 
positive, and consequently both the foci F,,'F, lie inside 
the first oval. ' 


The two ovals do not intersect; for in that case, the 
curve, which is a quartic, would have four donble points. 
fhis is also seen from the fact that the only common values 
of p and p' satisfying both the equations are p=a, p'=0, 
which is absurd; since when p'=0, p=sc, and c<a, 
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Hence it follows that the first oval lies inside the seeond, 
and the two foci F,, F, lie within both the ovals. 


Again, let the second oval cut the line F,F, in C and 
b, where C lies to the left of F. 


Then, as before, from the second equation, we obtain— 





* S a= — a? — p?’ c? 
i Tap? Me™ pt) 


—F D= Colát) 
F,F,—F,D= aT 
F.F, > F,D, and consequently F, lies outside both 
the ovals. 


It is to be noted that each oval is the inverse of the 
other with respect to the internal focus F,, and either oval 
turned through two right angles is the inverse of the other 
with regard to the central focus F,, while each oval is its 
own inverse with respect to the external focus F,. The 
two tangents drawn from F, to the two ovals respectively 
are equal. The two ovals possessing these properties are 
called conjugate ovals, 


We have discussed here the case when the three foci 
are all real, for the case when two of them are imaginary 
and for further information the student is referred to 
Cayley’s Memoir un Caustics—Coll. Papers, Vol. 2, p. 386. 


Ex. 1, Prove that in a Cartesian the rectangle ander the segments, 
made by the inner oval on any transversal from the external focus, is 
constant, 

Er. 2. Prove that the Cartesian — 

r?°—2(a + b cos ô)r +c? =) 
has three real foci, or only one, according as a—b > or Zc. 


Eu. 3. If a radius vector be drawn from thè focus F, catting 
two conjugate ovals in P and Q, show that the tangents at P and Q 
intersect at the middle point of the arc PQ of the circle passing 
through P, Q and the other two foci F,, F,. (See Basset—Cubice 
and Quartics, § 268. J.. \ 
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222. THE INVERSE OF A CARTESIAN: 


The equation of a Cartesian referred to its triple focus 
can be written as C*=k*L, the centre of the circle being 
the triple focus, and the line L being the bitangent. Now, 
the focus of a curve is inverted into a focus of the inverse 
curve, and when the circular points are cusps, the origin is 
a focus. Hence the inverse of a Cartesian with respect to 
any point is a bicircular quartic having three foci on a 
circle passing through the origin, which is also a focus. 


Ea. 1. Prove that two Cartesian curves with the same real 
ordinary foci cut orthogonally. 


{Invert the curves w., r.t. one of their intersections and we obtain 
two circular cubics with four concyclic foci and their real asymptotes 
perpendicular. ] 


Ea. 2. Inverting the curves in He, 1, prove that any two bicircular 
quartics with the same four real concyclic foci cut orthogonally. 


Ez. 3. Prove that through uny point can be drawn two Oartesian 
ovals having three given points in direction for foci, and the two 
curves cut orthogonally. 


223. THE TANGENT AND THE NORMAL AT ANY POINT: 

The normal at any point of a Cartesian can be con- 
structed by the usual method applicable to all curves in 
bi-polar co-ordinates. 


In the case of the oval corresponding to the equation 
p+ pp'=a, on the radii PF, and PF, measure PA=1 and 
PB=p, and complete the parallelogram PANB. Then the 
diagonal PN will be the required normal at P. e 


The equation of the normal at the point P( ~, y) is— 


_-» — 
oe e 
Oc TF Oy Oy F Oy 
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But from the equation of the curve, we easily obtain 


Ər T Op’ co: ~.. ? 
d Or y ' 
— 2-2 sin w — = =sinw 
Oy P 7 Oy 
where w= Z PF, 2, wo = Z PF, 4. 


^ The equation of the normal becomes— 


— X-er = _Y-y 
COS we} p CO8 w! sin w+ p sin w' 


The co-ordinates of N are given by— 
#,=2—(¢osw-+pcosw') and y, =y—(sin w+ p sinw) 
when N is found to be the fourth vertex of the parallelo- 

gram. 

A second construction is given as follows : 

Describe a circle through P and the two foci F,, F,, and 
let Q be the second point in which F,P meets this circle. 


Then the line joining P to R, the middle point of the are 
cut off by PQ is the normal at P. 


This construction depends upon a theorem given by 
Prof. Crofton.* 


Fa, 1. Prove that the normal at any point of a Cartesian mp + np=c 


divides the angle between the focal radii into parts whose sines are 
in the ratio m:n. 


Eo. 2, ®how that the caustic by refraction of a circle is the 
evolute of a Cartesian (Salmon—H. P. Curves, § 116, p. 10V). 


Bo. 3. Prove that the tangent at P bisects the angle between 
the focal distance F,P and the tangent at P to the circle F,PF,. 


— — — — nee — — — — — — — 


* Orofton—Transactions, London Mathematival Society (1866), 
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224. THEOREM : 


If any chord méet a Cartesian in four points, the sum of 
their distances from any focus ts constant. 

The polar equation of the curve, referred to any focus 
as pole, may be written ae— 


r? —2r(a+b cos 0) +c? =0 we (1) 


Let r(l cos 0-+-m sin 0)=1 we (2) 
be the polar equation of ẹ chord. 


If now we eliminate Ô between these equations, we obtain 
a biquadratic in r, in which the co-efficient of r? is —4a, 
and consequently, the sum of the roots, which represent 
the distances of the points of intersection from the pole, 
is constant, and this proves the proposition. 


225. POINTS OF I NFLEXION: 

Since a Cartesian is a bicuspidal quartic, Pliicker’s 
formula gives at once that a Cartesian has eight points of 
inflexion. 

We shall now prove that these eight points af inflexion lie 
an a circular cubic.” 


Let the equation of a Cartesian be written in the form: 


(r? ~k")?+A,2+B,=0 .. (1) 


Sinca the curvature at a point of inflexion vanishes and 
changes sign, the radius of curvature becomes infinite at a 
point of inflexion. Hence the denominator in the,expression 
for the radius of curvature, when equated to zero, gives the 
equation of the curve passing through the inflexions. 


ë S, Roberts-~On the Ovals of Descartes—Proo, of the London Math. 
Boc., Vol, 3 (1868:71) pp 108: 137- 
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Differentiating the equation (1) twice in succession, we 


obtain— 

4(7?—k*)(x+yp)+A,=0 (2) 
and 8(r+yp)® F4(r? ~—k?)\ 1+ p* +yp,)=0 (3) 
where p= Oy/dr) and p,=(dp/d-) 


For a point of inflexion we obtain 
B(et+yp,*+4(r?—k*)(1+p*)=0 we (3) 
Eliminating p between (2), (3’), and simplifying by 
means of (1), we obtain the locus of inflexions in the form 
{16k*(A,7+B,)—A3}(7* —k*) 
—8(A,0+B,)(A,2+2B,)—2A%y*= 


which evidently represents a circular cubic. 


226. Tue LEMNISCATE oF BERNOULLI: 

We have already seen (§ 208) that when a=c, the 
Cassinian curve reduces to a lemniscate of Bernoulli,* and 
its equation then becomes— 

(r° + y*?)*§—2a* («3 —y*)=0 ew. (l) 

This equation can again, by a simple transformation of 
the co-ordinates, be put into the form— 


(ot -+y*)* =4atay (2) 


* For the historical introduction, the gtudent is referred to G. 
Loria—-Sp, Alg, und trans, ebene Kurven, Vol, I (1910), p, 215, 


36 
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The polar equation of the curve becomes— 
r? =: 2a* cos 20 (3) 


The shape of the curve is that of the figure of eight. 
and the equation (1) shows that the origin is a double 
point, with a pair of perpendicular tangents bisecting the 
angles between the axes. These tangents are also inflexional 
tangents to the curve. Hence the origin is a biflecnode. 
Since a Cassiniin has two biflecnodes at the circular points, 
we obtain the theorem : 


The lemniscate of Bernoulli’ is a curve of order four with 
three biflecnodes, two of which lie at the circular points at 
infinity. 

It is easy to see that the lemniscate is the inverse of a 
rectangular hyperbola with respect to its centre. 

The curve is also the pedal of a rectangular hyperbola 
with respect to its centre. 

For, if the line X cos 0+Y sin ĝ=p is to bea tangent 
to the hyperbola «*—y*=a', it must be identical with 
the equation ».X—y.Y=a*Z, whence we obtain— 

a’ (cos? 6—sin* 6)=p*. 
^ The polar equation of the pedal is— 
r? =a? cos 20 


which is a lemniscate of Bernoulli. 


Ex. 1. Prove that the envelope of circles described on the central 
radii of an ellipse as diameters is a lemniscate. 


Kx, 2. Show that the locus of inflexions of a family of Cassiniun 
carves with given singalar fooi is a lemniscate of Bernoulli. 


He, 3. The vertices of an equilateral hyperbola move along the 
circumference of a circle. Prove that the locus of the foci of all 
rectangular hyperbolas which circumscribe the triangle and have a 
given centre is a lemniscate of Bernoulli (Basset—loc. cst, § 265) 

Ba, 4 Bhow that {y*+(a+@)*}{y%+(a—a)*}=0* is a lemnise 
cate of Bernoulli. 
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227. Tur NORMAL: 


Let the normal at any point (w, y) on the lemniscate 
represented by the equation (1) of the preceding article 
make an angle @ with the x-axis. 


= Oe tw? ty’) 
BREN MNO a geet 


__ (1+2 cos 26) sin 6 





(1—2 cos 26)'cos 0 
= ae = = tan 30 
o=36. 


i.e., the angle made with the x-axis by the normal at any point 
ts three times the angle made by the radius vector to the point. 


This gives a very simple method of constructing the 
normal and consequently the tangent at any point of the 
lemniscate. The problem of the trisection of an angle can 
very easily be solved, simply by drawing the normal and 
the tangent in a given direction at any point of the lemnis- 
cate. Thus the points, the normals at which are parallel 
to the bisector of the angle between the positive axes, are 
given by O=7/12, 97/12, 127/12. Similarly, the points 
where the normals are parallel to the y-axis have 0=+7/6. 


228, PEDAL FORM AND RADIUS OF CURVATURE: 


Let ON be the perpendicular drawn fror the centre O 
on the targent at any point on the lemniscate 
e 


r? =a? cos 20 (1) 


If ġ be the angle OPN, we have— 


tan PON =cot ġ = — Ee 
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From equation (1) of the curve, we obtain— 
@ 
2 log r=2 log a + log (cus 20) 


Differentiating this with respect to 0, we obtain— 


100 


LPON=26 
But, p=ON=OP cos PON = cos 2=7 


whence we obtain r3 =a°p we (2) 


which is the pedal equation of the curve. 


The equation of the reciprocal polar curve is— 


colw 


r? cos 30=a' 
and the tangential equation of the curve is— 
27a*(A® +u’)? = {4a (A — p} (3) 


showing that the curve is of class six. The radius of 
curvatare is obtained from equation (2) in the form 


229, PARAMETRIC FORM: 


Since the lemniscate is a curve of order four possessing 
three nodes, it is certainly a uuicursal curve; and we gan 
express the co-ordinates of any point on the curve as rational 
functions of a parameter A in the form — 


ema fa, AtA? we al AWM 
waza /2. IFA , yas? T+ ooe (1) 


If we replace À by I/A, it is seen that the value of « 
remains unchanged, while the value of y changes sign. 
Therefore the values A and 1/A give two points which are 
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symmetrical with respect to the .-axis. Points symmetrical 
with respect to the centre correspond to two equal but 
opposite values of A. If the diameter makes an angle 6 
with the axis, we have— 





_ 1+? 

tan d= 5 
l—tan ¢ 

A? — ead ‘ 
1+tan ¢ (2) 


giving two equal but opposite values of A. 


The equation of the line joining any two points (A) and 
() is obtained in the form— 


(1+Ap){(A+y)*§—(1+A%p3 fe 
+(1—Ap){A+ pe)? HHA p Jy —2V72 adw(A+p)=0 (3) 
whence the equation of the tangent at any point A is— 
(1-+A2)(4A*—1—A*)c 
+ (1—A*)(4A2 +14A*)y—4.72 ade =0 (4) 
If ‘m’ be the slope of this tangent, we have— 


(14A2)(449—1—A*) 


AAN — — t 
LASN FIHA constan 





This being of degree six in A, the curve is of class six and 
six tangents can be drawn parallel to any given direction. 


e 
From equation (1), it can be written as— 


1—3 tan? ¢ 


3 Cag u'i = -m= constant 


Te., tan 3 d=constant. 
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. If $, be one root, the other two roots are— 
+s, | gE 


Thus we obtain the theorem: 


There are sie tangents to a lemniscate parallel to a given 
direction, the points of contact lying on diameters mutually 
inclined at an angle 7/3. 


The condition of collinearity of three points takes the 
form— 


AAs I/A Ag HAGA, HILA A HALA, FI/A,A, =O 
and four points are coneyclic, if— 
A AAA, =. 
If, therefore, tue osculating circle at a point (A) meets 
the curve at (u), we must have— 
y= 
the point (a) is called the satellite of the point (A). 


The satellites of four concyclic points A,,A,,A,,A, are 
then connected by a similar relation, whence we may say 
that the sgjellites of four concyclic points are concyclic. 


The equation says that for a given value of m there are 
three values of A, namely, A,, A,,A,, and we have— 


A tA, +A,=0, AÀ, FASA +A,A,=0, AAA, =1/p 
and these points lie on the line— 


(1+ p? a+ (1—p* )y—2 V2 p=0 


‘ 
which is a line perpendicular to the radius vector through 
the point. Thus we obtain the theorem : 


Through each point on a lemniscate there pass three circles 
osculating the curve elsewhere, and the points of osculation. lie 
on a line perpendicular to the radius vector to the point. 
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Again, when the curve is defined in bi-polar co-ordinates, 
by the equation pp'=a*, we may put this in the parametric. 
form— 


p==ae* =a(cosh u+ sinh u) 
p' ==ae~* =a(cosh u—sinh u) 
where u is a parameter. 
If PD be the bisector of the angle F, PF,, we have— 
F,D+F,D=2a 


and jl =? 


Consequently, we must have— 
F , D=a(1+tanh u), F,D=a(1—tanh vu) 
and OD=a tanh u. 


But from elementary geometry, we obtain— 
F,P.F,P=PD*+¥F,D.¥,D 
i. e. pp =a* =PD?* +a°(1—tanh'* x) 
whence PD=a tanh u=OD. 


Ew, 1° Show that the quartic 
Bye? = (we? + y*)* 
can be projected into the lemniscate of Bernoulli 


r? =a? gin 20. 


Ea, 2. P is any point on a lemniscate with F, and F, as foci 
and O as centre. If PD be the bisector of the £F,PF,, prove that 
PD=OD. 


Bx, 8, Prove that the points of contact of the four tangents drawn 
to a lemniscate from any point of it are collinear. 


He; 4. Show that the biflecnode at the origin is a double focus of 
Á lemniscate of Bernoulli. 
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230. THE Limagon : 


The polar equation of a Cartesian oval is— 
7*—2(a+b cos @)r+hk*?=0 
When k =0, the equation reduces to— 
r=a +b cos 0 (1) 


which represents a curve having, in addition to the two 
cusps at the circular points, the origin for a node and the 
curve is called a Limaçon, The curve was first studied by 
Pascal, who so named it from a fancied resemblance to the 
form of a nail. ' 


The equation (1) shows that the Limaçon is the inverse 
of a central conic with respect to a focus.* 


The polar equation of a conic, the focus beirg the pole, 
may be written as ljr=l +e cos 0 


and that of its inverse is — 


ræ=a +b cos 4, we (2) 


consequently, the curve is the inverse of an ellipse when 
a>b and is called an elliptic limaçon. When a<b, it is 
the inverse of a hyperbola and is called a Hyperbolic 
limaçon. When, however, a=b, the curve is called a 
Cardioid from its heart-like shape, and is the inverse of a 
parabola with respect to its focus. The different species 
of the curve are shown in the diagram of § 234. 


When c=2b, the curve is called the Trisectrix, a curve 
by means of which any given angle can be readily trisected. 


* O. Taylor—Ancient and Modern Geometry of Conics—Cambrid ge 
(1881), p. 356, 
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a 


231. THe CARTESIAN EQUATION: 


The Cartesian equation of a limaçon is obtained in the- 
form: 
(e3 + y*§—be)* =at (2t fy") a 0) 


The tangents at the origin are 
V b? —a’ x+ay=0 


and the origin is an acnode or a cruncde, according as 
a> or, <b, ie., according as it is elliptic or hyperbolic. 
If a=b, the origin is a cusp. It is a curve of order 
four, having the circular points as cusps; the equations of 
the cuspidal tangents being— 
x +iy+b/2=0 

Since the limaçon is a quartic with two cusps and a donble 
point, it is of the fourth class, and accordingly possesses 
one bitangent and two inflexions. Itis a unicursal curve 
and its reciprocal is of the same species. 


If a<b, the curvatnre of the curve at O is given by — 
1// 6? —a?. 
Writing the equation in the form— 
(x? yt +ba—ta*)*~—(lat—a'br)=0 - 
we see that the bitangent of the limaçon is the line 
4b2—a* =0 
the ordinates of the points of contact being given by 
4by= +av 4b*—a* 
These paints of contact are real or imaginary, according 
asa < or > 2b, i.e., according as the curve is an elliptic 


or hyperbolic limagon. 


When a=2b, the two points of contact coincide, and we 
have an undulation at the point where the z-axis meets the 
curve, ĉe., at the vertex A. (Fig. Art. 287.) 


37 
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Ew. 1. On the radius vector to a fixed circle from a fixed point 
on it, a portion of fixed length is taken on either side of the circle. 
Show that the locus of the extremities of the length is a limaçon, 


[The polar equation is r=p cos wk] 

Ex. 2. Prove that the caustic by reflexion of a circle ie the evolute 
of the limaçon. 

[The equation of the caustic is of the form r=p(1+ecos). See 
Theory of Plane Curves, Vol. I, § 131.] 

Ea, 3. Prove that the locus of the vertex of an angle of given 
magnitude, whose sides touch two given circles is composed of two 
limaçons. 

Ee, 4. Ifthe legs of a given angle slide on two given circles, 
prove that the locus of any carried point is a limaçon and the envelope 
of any carried line is a circle. 

[See Williamson’s Diff. Calc., Chap. XIX.] 

Ev. 5. Show that a limaçon may be generated as an epitrochoid * 

by the rolling of one circle upo another of equal radins. 


232. POINTS oF INFLEXION: 6 


Since the limacon has a node at the origin and a pair of 
imaginary cusps at the circular. points, the curve belongs to 
the ninth species, and consequently there are only two points 
of inflexion. 


In order to determine the inflexions, we obtain from the 


polar equation 
youth eos 6 


the two following parametric forms: 


æ=b cos? 6+ a cos 6 
a E 
and y =b cos 0 sin 0 +a sin 8 
or 2z =b- b cos 26+-2a cos 0 
2 
2y =b sin 20 + 2a sin 0 } "i 


* These curves belong to a general class called Roulettes which will 
be discussed in the next chapter. 
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The condition of collinearity of three points (a), (8), (y) 


is b+b cos 2a+-2a cosa b sin 2a-+-2u sina 1 = 
b+6 cos 2B 20 cos B b sin 28+2a sing 1 
b+b cos 2y+2a cos y b sin 2y+2a siny 1 

which, on simplification and after rejecting a factor, reduces to 


a vos? —Yoos YZS cost 2È BHY +S oost th 
4b? cos g COS! g7 COS -3 + ab{4 cos a C08, 


+ cos a+ cos B+cos y—cos (a+8+y)}+2a? =0. 
If now we put a=S=y=)A, we obtain— 
Ab? 4 ab(4 cos’A+3 cos A~cos 3A) +20? =0 
ie. 2b? +3ab cos A+a?=0 


The vectorial angle of the point of inflexion is then 
given by-— 


2b? + a3 , 
“Sah pee ote) 


cos A= — 
whence the existence of two inflexions is further manifest. 
It is further seen that these are real, if b < a < 2b. 
If the limaçon has a node, they are imaginary; but they 
always lie on the real line— 
pe (4b? + 20% )(b*—a) 
= 9a*b 


which is obtained by combining (3) with the equation of 
the curve. 


The intlexions may further be obtained from the condition 
that the radius of curvature is infinite, and conseyuently— 


whence cos Aa — tat rn = Se) 
? 3a 


where r denotes the corresponding radius vector. 
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233. PARAMETRIC FORM: 


Since the limaçon is a unicursal curve, the co-ordinates 
of its points can be expressed in terms of a parameter. 
The equations— 
e=zb cos*@ +a cos 6, =b cos Â sin 0+ a sin 6 


evidently show that the co-ordinates are expressed in terms 
of the parameter 6. We may obtain an other form, if we 
put ¢=tan 6/2 

when sin 6=2t/(1+t*), cos 6=(1~—é*)/(1+¢*) 


kd 


1 —¢: 
— = Tain i++ abt] 
and Y= rp l(ath) + (a0) 


234. CONSTRUCTION OF THE LIMACON: 
s$ 


The limaçon can be generated as a locus or as an envelope 
in a number of ways. 


Let OQD be a circle with centre E and diameter 





OD(=b. Let a straight rod PP’ of given length (2a) muve 
in such a manner that its middle point R always lies on the- 
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given circle, while the rod always passes throngh a fixed 
point O on the circumference of the circle. Then, the locus 
of the end points P and P’ is a limaçon. The limaçon can 
thus be constructed mechanically. 


Taking OD as the initial line, let (7,6) be the co-ordi- 
nates of P. 

Then, r= OP=RP+OR=a+b cos 0 we (1) 

Similarly, 7’ =OP’=a—b cos 0, 


which is the same equation as (1), when @ is increased by r. 


Hence the locus of P and P’ is the same curve defined 
by the equation (1) which represents a limacon The form 
of the curve is shown by the dark line in the diagram. 


The tangent and the normal at any point can be easily 
constructed by Chasle’s method.* 


Through O draw OQ perpendicular to the radius vector 
OP to the point, meeting the fixed circle in Q. Join PQ; 
then PQ is the normal at P. 


For rectification and other particulars, the student is 
referred to F. G. Teixeira—loc, cit., pp. 152-153. 


235. A SECOND METHOD: 

The Limagon is the pedal of a circle with respect to any 
point in its plane. 

Let C be the centre of a circle and O any point in its 
plane. 


At any point A on the circle draw a tangent, and OP 
the perpendicular on the tangent. 


Let a be the radius of the circle, 


OC=b and /ACO=7r—6. 


Chasles—Ł istoire de la Geometrie, pp. 548-9, 
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From the geometry of the figure, we obtain 
OP=AC+O0C cos Z POC=a+b cos 8. 


A 


0 


Therefore, the locus of P is given by r=a+b cos 9, 
which is an elliptic or hyperbolic limaçon, according as 
a> or <b, ie, according as O lies within or without the 
circle. When O lies on the circle, the locus is a Cardioid. 

The limaçon can readily be traced by drawing from a 
fixed point on a circle any number of chords, and taking 
off a constant length on each of these chords, measured from 
the circumference of the circle. 


236, THE PEDAL EQUATION: 


The polar equation of the curve is r=a+bcos6 (1) 
If @ be the angle between the tangent at any point P 
and the radius vector, then p=r sin $ 


_ or __ bsinð 
and cot $= — — 
i.e. reot p= —b sin 0. 


mEes p= 1 +-cot* p= — a (2) 


Eliminating 6 between (1) and (2), we obtain 
gti—p*?  b%&—(r—a)* 
ar Ae 
T.e. r* =p? (b? —a® +2ar), 


which is the required equation.. 
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237, THE FOCI OF THE LIMACON : 


In order to find the ‘singular focus we must deter- 
mine the tangents at the circular points. For this we 


transform the Cartesian equation (1) of § 231 into trilinear 
co-ordinates by putting— 


c+iy=ajy and w—‘y=B/y 


when the transtormed equation becomes— 
{208 —b(a + 8)y}? =4a*%aPy* (1) 


Therefore the tangents at the two circular points 


(B=y=0) and (a=y=0) are respectively— 
2B—by=0 and 2a—by=0, 
which in Cartesian co-ordinates become— 
2(.—zy)—b=0 and 2(z+iy)—b=0 


These two intersect at the point a={b and y=0. 


The point 8(b/2, 0) is the triple focus. 


To determine the ordinary foci, we have to find the 
tangents drawn from the circular points, z.e., find the condi- 


tion that the line a=ky meets the curve (1) in two 
coincident points. 
e 


Putting a=ky in (1) we must obtain an equation in 
B and y, which is to be a perfect square. The condition for 
this will determine the value of k, for which a=ky will 
be a tangent. Similarly, the tangent drawn from the other 
circular point may be obtained. 
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These two tangents are found to intersect in the point 


F, (-"& — 


which is an ordinary focus of the curve, 








If the vectorial angles are measured from the initial line 
OB, which meets the curve in B and A, we have 


OA=a—d, OB=a+b 


AB=2a 





If now A, be taken on the opposite side of OA, 


OS=13A,B. 
` 2. fs 
But OF = 





4 ` 3 h3 
n AF, =0F,—0A4A=* 55 —(a—b) 
=(a—b)* /2b. 


Consequently, AF, is positive and the point F, lies 
outside the curve. 


SPECIAL QUARTIC CURVES 297 


He. 1. If Pig any point on the limaçon with O as node and F, 
as external focus, show that 


LOF,P=2ZO0PT 
where PT isthe tangent at P. 


{Inverting w.r.t. the node we obtain a oonic with the tangent 
equally inclined to the focal! distances of the point of contact.) 


Ka, 2. Prove that a limaçon is self-inverse w.r.t. the circle 
through the node with its centre at the ordinary focus, 


(The equation referred to the ordinary focus is— 
4b2r?—4br(b? +a? cos 0) +(a?—b?)?=0 
which is unchanged by replacing r by (a?—b*)*/4b*7] 
Ex. 8. Show that the locus of inflexions of the family 
r=a +b cos @ 7 
when 6 is kept constant and « varies, is— 
t? + br cos 6+ 2b? sin?ĝ0=0. 


Ex, 4. Show thatthe points of contact of bitangents in Kx. 3 


lie on the Jine 
r+b cos 0=0. 


Ea, 5. Show that the distunces of any point on a limaçon from 
the node and the ordinary focus are rational functions of the co- 
ordinates of the point. 


938. THE CENTRE OF INVERSION : 


The-bi-polar equation of the curve, referred to O and F,, 
is obtained in the form— 


Jar + 2br' =a? —b? we =(1) 


where aot, P. 


The Cartesian equation of the curve may be obtained 
from this by substituting the values of r and r. 


Let LPF,O=6, OF, =s=4(a*—b*)/b 
38 
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The polar equation of the curve, referred tu F,, is 
obtained in the form : 


+ 


7’? —7'(b* +a? cos 6’) /b+s* =0 (2) 

If now F', PQ be any chord, we have— 
F,P+F,Q=(b* +a? cos 6')/b (3) 
and F,P.F,Q=s? we (4) 


If K be the middle point of PQ, we have— 
2F K=F,P+F,Q=(b? +a? cos 6')/b 
whence the locus of the {mid-point K is the hyperbolic 
limacon— 
r= }(b? +a? cos 6’)/b 
From equation (4) it is seen that the cnrve is its own 


inverse with respect to the focus F, as origin, which is 
consequently a centre of inversion. 


Be. 1, Prove that triangles OF ,P and F,QO are similar and the 
circum.circle of the triangle OPQ touches the line OF, at O, 


Ex. 2. Show that the angles made by the tangents at P and Q 
with F,P are equal. 


[The curve is self-inverse w.r.t. F,.] 


Ex. 3. Show that the points of contact of the bitangent are given 
by cos@=—ja/b and r= ja. 


Ee. 4 (lf T be the middle poiut of the aro PQ of the circle cir- 
cumscribing OPQ, show that TP and TQ are the tangents at P and Q. 

(Using the bi-polar equation and differentiating w.r.t. 3, we obtain 
a cos p= —b cos $’, where ¢ and ¢’ are the angles which the tangent 
makes with the radii. } 

Es. 5. Show that r(1—k?)=a(cos 6—k), 


where k is a parameter, represents a family of limaçons with a common 
node and foons, 
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239. THLORUM: 


The locus of the point of intersection of two tangents at the 
extremities of a chord through the node ts a nodal circular cubir. 


The equation of the limagon being of the form— 
(at +y’ — ba)" =a (et +y?) (1) 
if we find the equation of the first polar (polar cubic) of any 
point (+, y'), and transforming this to polar co-ordinates, 


eliminate 7 between this and the polar equation of the curve, 
we shall obtain — 


{/a* +b.') tan*6—2by' tan 6+a? +b* —ba'}? 
=a? (y' tan 0—2b+.4')?(1+tan*6) (2) 
Equation (2) then determines the vectorial angles of the 
points of contact of the four tangents drawn to the curve 
from the point («’, y’). 
Writing this in the form— 
(a? + bu’) sin?@— 2by’ sin 6 cos 0+ (a? +b? — bx’) cos *6 
=af{y' sin 6+(.«’—2b) cos0} ... (3) 
we see that if PP’ be the extremities of the chord POP’, 
their vectorial angles are respectively 0 and 0+7, and if 
P, P’ be the points of contact of two tangents drawn from 
(«', y'), the equation (3) must be satisfied by @and 7+. 
This requires that both sides of (3) must vanish, 
i.e. (a? +b) sin?6—2by’ sin 0 cos 6+ (a? +67 —bw’') cos*9=0 
and y' sin 0+ (2 —2b) cos d=0 
whence eliminating 0, we obtain— 
(at + be!) (a! —2b)* + 2by’* (s —2b) + k* (a? +08 —ba') =O 
i.e. Yat + bx’) (a! —2b)? + y'9(a* —3b* + be’) =0 
Transforming the origin to the point (26, 0), the locus 
of («', y') is found to be the curve— 
bele? +y*) + (a? +2b* )x* + (a? ~b*)y? =0 (4) 
which is evidently a nodal circular cubic. 
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240. Tar OARDIOID: * 


We have already seen that when a=b, the limaçon 
becomes a Cardioid. The Cartesian equation of the curve 
can therefore be written in the form— 


(x? +y* )*§—2ax(a* +y*)=aty® (1) 
showing that the origin is a cusp. 


The polar equation may be written in the form— 
r=a(l +cos 0) (2) 


Tt is consequently a tricuspidal quartic and is the inverse 
of a parabola with respect to its focus. It is also the pedal 
of a circle with respect to a point on its circumference. 
It is easy to see from equation (2) that the length of a 
chord through the origin (which is a cusp) is constuut and 
equal to 2a. 


Since the origin is a cusp, it is the limiting position of 
the three single foci of an oval of Descartes. Hence the 
cusp is the triple focus. 


241; PARAMETRIC FORM : 

The Cardioid is a tricuspidal quartic and consequently 
a unicursal curve. The co-ordinates of any point can be 
expressed as— 

¢ ' 
= a e a @ 

where À is a parameter. 

From Pliicker’s formula it is easily seen that the curve 
has no inflexion., The equation of the bitangent is— 

a+a/4=0 


# Properties of this curve were discussed by Raymond Clare 
Archibald in hia inaugural Dissertation—The Ourdioide and some of tte 
related curvee—(Straseburg 1906). _ 
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The equation of the tangent at any point (A) is obtained 
in the form— 
(3A? —1)r HAC —3)y + 2a=0 (2) 
Since this involves A in the third degree, for a given 


value of (r, y), there are three values of A, and consequently 
the curve is of class three. 


The tangential equation of the curve, in Boothian co- 
ordinates, is obteined in the form— 


27a* ($° +°) —2a* (ag +2)! =0 


The tangent (2) meets the bitangent at the point 


4 i) 
4” AÀ 


The line joining this to the point (a/2, 0), which is the 
singular focus, is given by— 


` #+Ay=a/2 
If this line makes an angle w with the «c-axis, we have— 
tan w= —1/X. (3) 
Now, let the tangent (2) make an angle a with the 


“-axis, so that we have— 


3A? —l 


tan a= — X(A?—3) aoe (4) 


If A be eliminated between (3) and (4), we obtain— 


3 tan w—tan®w 


t ag tale, 
— 1—3 tan*w 


=tan 3 vw, 


whence the three values of w are respectively— 


a , 2 
a tp 
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Thus, the points in which three parallel tangents to a 
Cardioid meet the bitangent are joined to the point (a/2, 0) 
by three lines making angles 


a a 7 a 2r 
3 zty ates 


with the x-axis. 
We thus obtain the theorem : 


Three parallel tangents to a Cardioid meet the bitangent in 
a triad of points which are seen from the singular focus a 
angles 7/3 apart, 


242. COLLINEAR POINTS 
The parameters of the four points in which any line 
Le+- my +1=0 
intersects the Cardioid are determined by the equation— 
A* +2(1—al)A* + 4amd+2al+1=0 we (1) 


which is obtained by substituting in the equation of the 
line the values of # and y in terms of À. 


lf X,, Às, Às, A, be the roots of this equation, we have— 
3A, =0, 3A,A,=2(1—al), BAA, A, = —4am 

A AgASA, = 1+ Zal. 

Eliminating A, and J between these, we obtain the 

condition of collinearity of any three points in the form— 
A Ags fA, HAG HAS) HAL HAS FAS 

AA, HAAS FAA, $30 we (2) 

The parameters of the points of contact ôf the three 


tangents drawn from any point (2', y’) are found from the 
equation of the tangent (2) of the last article to satisfy the 


equation — 
AS 4+ 5 A —3A + — =0 we (3) 
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If we divide the left-hand side of (1) by that of (3), and 
denote the quotient by Q and the remainder by R, we 
obtain — 


R=( 5—2a1+9 27 )ar+( dam—s%, — "4 )a 
ie y y 





, at 
į ( 2014148 oe ) 
yy 


The conditions that the three points of contact of the 
tangents drawn from the point („“, y’) lie on the line (1) are 


J J 
5—2al+9 * =0, dam—B™,— 20 = 
Y y 


r 


or — 
and — 
Yy y 


v O 





The first two determine the parameters 1, m of the line, 
and by eliminating l from the third, we obtain — 


a +y’? +a2'=0 (4) 


which, when (, y’) are regarded as variables, represents a 
circle whose centre is the point (—a/2,0) and radius a/2. 
Hence we obtain the theorem : 

The points of contact of the three tangents drawn from a 
point on the circle with centre (—a/2,0) and radius a/2 lie 
on a right line. 

The fourth point where the line through the points of 
contact meets the curve again is given by the parameter— 
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243. THEOREM: 


The tangents at the ectremities of a chord through the 
origin ‘cusp) intersect at right angles on a fired circle whose 
centre ts the triple focus. 


From equation (3) we obtain 
A, +A, FA, =— 3 w'/y’, AA, HAA, FAA = —3, 
and AAA, = — (Za—2')/y’ (5) 
Substituting these values in (2) we obtain the locus of 
(+', y’) in the form— 
e? y’ +a.'=0 
as was otherwise obtained in the preceding article. 


The equation of the tangent at any point (u) is— 
(3p? —1) e+ pulu? —3 y+ 2a=0 we (8) 


If this is perpendicular to the tangent at the point (A), 
we must have— 


(Ap +1) {0% u —3(A8 Hut) +8Au+1} =0 


which shows that the orthoptic locus of a Cardioid is a 
degenerate curve, in fact, a sextic consisting of a circle and 
a quartic, 

If now the tangents at A, and À, are perpendicular, we 
may take 4,A,=—1, and consequently 


A, =(2a—«')/y', A, FA, = —2(at+u')/y’. 


Substituting these values in the second of the equations 
(5), we obtain the locus of (.r’, y’) as— 
x’ +y’ —ar=2a* 
which is a circle with centre (a/2, 0) and radius $a. The 
point (a/2, 0) is the triple focus, and it is easily seen that 
the chord joming the points A, and A, passes through the 
origin, which proves the proposition, 
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244, RECIPROCAL POLAR OF THE CARDIOID: 


Let A be the vertex, F the cusp and FY the perpendi- 
cular on the tangent PT at any point P on the Cardioid 
r=a(1-+-cos 6) (2) 
The equation (1) may be written as— = 
r== 2a cos? a ẽ. e., im (2a)*e0s — 
whence the pedal equation may be written as — 


rīti =(2a)* , or, 7?'=2ap? we (2) 
andif ZAFY=w, the equation of the pedal or the tan- 
gential polar equation * is— 


p=2a cos? tw (8) 





The reciprocal polar is the curve given by— 


r? cos 19=(2a)?, or, recos? 10=:2a we (4) 
The chord of curvature is given by 
Or 


y=p=— =}. 
Op 
e 
Ew. Show that 
r=sa(l~cos 9) and r=b(1+ 008 9) 


represent two systems of curves ontting at right angles for all values 
‘of a and b. l 





— — — eT 


* Williamson—Diff. Oalo., § 190, 
39 i 
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245, THEOREM: 


The envelope of the directrix of a parabola, touching a given 
circle and having its focus at a fixed point on the circle, is a 
Oardioid, 

Let C be the centre of the fixed circle of radius a and 

„F the focus of the parabola touching the circle at P. 
From F draw the perpendicular FX on the directrix. 


If now, ZXFP=0, LXFC=y and also FC=a 
then LXFC— LXFP=y—0=CFP=CPF=j6* 
2y=36 
Also, FX=FP+FP cos 6=FP(1+cos 6) 


=2a ord .2 cos* 2 


2 2 
=4a. cos? 4 0 
=4a cos? ty 


which is the tangential polar equation of the Cardioid, 
whence the proposition is proved. 


Bo. 1. Prove that the evolute of a Cardioid is another Cardioid, 


Ew. 2. Show that the Oardioid is the locus of a point on the cir. 
cumference of a circle which rolls on the inside of another circle of 
half its diameter. 

Ee. 3. Prove that the entire length of the Cardioid is eight times 
the diameter of the generating circle. 


Ee. 4. The orthoptic locus of a Oardioid is a circle and a limaçon, 


Ex. & Show that the quartic, with one real and two unreal 
cusps, 
3 (m3 +y? — 202)? = 4st (w? + y%) 


can be projected into a Oardioid by a real projection. 





— eae a ee 
r 


# Salmon’s Qonics, § 217, 
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246. Tue Concnoip or Nicomepes: 


Nicomedes, the Greek Geometer, for the purpose of tri- 
secting an angle, invented an interesting curve of order 
four, which is called the Conchoid or Cochloid, The curve 
has been defined as follows : 

If through any fixed point O, a secant Op’p be drawn 
meeting a fixed right line AB in V, and on this two points 
p and p’ be taken such that Vp=Vp'=a constant length 1, 
then the locus of p or p' is called the Conchoid. 


Draw OA perpendicular upon AB, and let OA =a. 





-o =” 
— — oe — — — X 


Now taking O for pole and the line OX, parallel to AB, 
for the initial line, the polar equation of the locus is— 


r=a cosec 6+1 we (1) 


The curve consists of two branches, having the line AB 
for a cofamon asymptote. 


In the above equation, the + sign refers to the branch 
more remote from AB, and the — sign refers to the branch 
nearer to AB. These two branches are called the superior 
and the inferior branch respectively. 


The Cartesian equation of the curve is— 
(æ? +y*)(y—a)§ sly? 
which includes both the branches. 
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The origin is a double point, the tangents being given by 
a?e? + (a° —1* jy =0 (2) 

Ib is, therefore, a node, a cusp, or a conjugate point, 
according as ais <, =,or > l; że, OA is <, =, or > Vp. 
The conchoid is a curve of order four, which passes 
throagh the circular points. It has a real tacnode at 


infinity, with AB as the tacnodal tangent; in fact, the base 
AB is an asymptote to the two branches. 


A circle which passes through the double point cannot 
intersect the curve in more than four points. When l>a, 
the curyature of both the branches at the origin is given by 


alt/l*—a* 


The curve was used for trisection of an angle, and the 
insertion of two mean proportionals between two given 
straight lines. 


247. TRISECTION OF AN ANGLE:. 


We shall now show how the conchoid can be employed 
for trisecting a given angle POM. 





Let P be any point on OP, and from Q, the middte 
point of OP, draw QM (sea), perpendicular on OM, and 
let OQ=i. 


Through P draw the Conchoid r=a cosec 0+2, O being 
the origin and.OM the initial line. With Q as contre and 
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OQ as radins, describe a circle, cutting the other branch of 
the conchoid in P’. Then OP’ trisects the angle POM. 


Let Z POM=9 and L P'OM=¢. 


Then, OP’=a cosecġ—l, since P’ lies on the lower 
branch of the curve. But QM=a=1sin 6, 


and OP’=OP cos POP’=2! cos (6—¢) 
21 cos (0@~) =a cosec —1 
ve. 21 cos (6—¢) sind=a—l sin d=! sin 6—L sin ¢. 
2 cos (@Q—¢) sin d=sin 6—sind 
or, sin (0—2) =sin $ 
6=3¢. 
Consequently, OP’ trisects the angle POM. 


The trisection of an angle can also be effected by means 
of the Trisectrir, (§ 94) 


248. POINTS OF INFLEXION: 


In order to determine the inflexions we consider the 
formula— 


a?r or\? 
rò — 7 55 448) =0 e.o- (3) 


Substituting from the equation of the curve, we ‘obtain 
the equation 
l sin? 6+3a sint F 2a=0 vee (4) 


Now, putting sin 0=1/#, the equation becomes— 
+2at® + 3at—1=0 


which gives three values of ¢, which are all real, if a >l; 
but one of them is to be rejected, since the roots must not Tie 
between +1 and —1. Ifa< 1, only one root is real. 
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Hence a Conchoid with a node has two real inflexions, 
with an acnode four and with a cusp only two inflexions. 


From the equation (1) we obtain for the ordinate of an 
inflexion sin gad" and substituting this in equation (4) 
we obtain— 

y3 —3a*y +-2a(a* —1*) =0 (5) 


This shows that the ordinates of the inflexions are deter- 
mined by an equation of the third degree, which, however, 
reduces to a quadratic, if we put l° =2a° 


t.e., (y+a)(y* —ay—2a*)=0 * 


249. PARAMETRIC FORM: 


Since the Conchoid of Nicomedes is a unicursal curve, 
the co-ordinates of its points may be expressed in terms of 
a parameter. From equation (1) we may write— 


æ=a cot 0+-lcosð y=a+lsin 0. 
Again, we may write— 
—(y+1—a)=(y—l—a)t 


_ a—l+ (a+ Dt’ 
— 14t 
__2tle—l+(a+1)t*] 


and — 


* A geometrical construction for the inflexions was given by 
Huygens—(Cuvres de Huygens—Vol, 2, pp. 245-46. For complete 
discussion the student is referred to G. Loria, loc, cit., pp. 140-141, Bee 
also F. G. Teixeira, loc. cit., pp. 188-190, 
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250. Tae Concoate * 


We shall now consider a class of curves which may be 
defined in the following manner: 


Let F be a fixed point and 7 a fixed straight line. Then 
the locus of a point P such that the product of its distances 
from F and r is constant, is a curve studied by O. 
Schlimilch, which was, however, given by Huber many years 
ago. This is called a Conchale in virtue of the affinity it has 
with the Conchoid of Nicomedes. 


From F draw FA perpendicular on the fixed line +. 
Let O, the middle point of FA, be the origin and the line FA 
as the axis of e. Let FA=2a. 


If (æ, y) be the co-ordinates of the point P, and ak be the 
constant product, we have— 





(aa)? {(a—a)* +y’ } =at k’ (1) 
which is the Cartesian equation 6f the Conchale. 


The eqwation shows that it is a curve of order four 
symmetrical with respect to the z-axis. The abscissae of 
the four points in which it is met by the «z-axis are 


* A systematic investigation of the properties of this curve has been 
given by G. Huber—Die Konchalen, ihre orthogonalen Trajectorien und 
die Oissoiden vierter Ordnung - Monatshefte Math. Phys., Vol, 6 (1895). 
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+ Va(a+k), while the y-axis meets it in points at distances 
+~/hk*—a* from the origin, 


Of the four points, four or two are real, according as 
kis-< or >a, while both are real or imaginary, according 
as kis << or >a, 


When k=a, the equation reduces to 
y? (æ+ a)’ +x? (x*—2a*)=0 we (2) 


The origin is a node, with the tangents y=+æv2, and 
it intersects the z-axis in points x=+avV/2. 

In the general case the curve passes through the circular 
points, and has a tacnode at infinity on the axis of y, the 
tacnodal tangent being #+a=0, which is the fixed line +. 
The different forms of the curve corresponding to the values 
of the constant a and k are exhibited in the figure. 

When k <a, the curve consists of two infinite branches 
and an oval, » 

When k=a, it consists of a serpentine and a nodal 
branch. 

When k> a, it consists of two infinite branches. 

The tangent at any point P of a Conchale can be con- 
structed asa special case of a general method given by 
A, Hurwitz * as follows: F 

Join PF and at F draw ¢ perpendicular to PF. Then 
join P with the point Q where p meets the given line r and 
draw a line through Q which is the harmonic conjugate of 
this line wrt. p and r. This line will then be parallel to 
the tangent required. 

For other particulars of this curve, the student should 
consult G. Loria, loc. cit., pp. 204-208. 


+ A. Hurwitz—Uber Tangentenkonstruktionen—Math. Ann, Bd. 22 
(1888). 
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251, ORTHOGONAL TRAJECTORIES : 

If k is regarded as a parameter, the equation (1) 
represents a singly infinite system of curves; the differential 
equation of their orthogonal trajectories is— 


dy[2e(e—a) +y’ |~—y(e+a)dx=0, 
Integrating we obtain— 


y* —4ary* = * 
whence the trajectories are rational curves of order four 
with F as a common double point and a tacnode at infinity 
on the axis of z, the line at infinity being the corresponding 


tacnodal tangent. 


252. THe VIRTUAL PARABOLA ; 

A special quartic curve, belonging to the class of curves 
known as symmetric polyzomal curves of order four, was 
originally studied by G. Saint Vincent,* and is called the 
virtual parabola. This was subsequently discussed, under 
different forms and names, by other workers, such as 
Cramer,t Magnus,t Schlémich,§ Huygens,|| etc., and as 
many as six methods of constructing the curve were given 
by them. 

The curve studied by Vincent is defined by the equation— 


(x° —by)* =a" (2? —y*) we (1) 


* G., Saint Vincent—Opus geometricum quadraturae, etc. (1647). 
à 
+ Oramer—lIntroduction ù U' Analyse des Lignes courbes (1750), 


p. 451, © 
t Magnus—Sammiung von Aufgaben und Lehrsätzen, etc. (Berlin) 


1833, p. 286. 
§ Schidmich—Ubungsbuch zum Studium der höheren Analysis, 


(Leipzig) 1878, p. 87. 
|| Huygens—Muvres de Huygens—II (1889), p, 70. 
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The equation shows that the axis of y is the axis of 


symmetry of the curve. Solving the equation for y we 
obtain— 


= bz? -+az va! +b? — e? 


y arabe (2) 








Thus the origin is a double point and the tangents are 
given by the equation— 


— axe 
nr 





If x lies between O and VWa*+b*, to each value of æ 
correspond two real values of y; one is positive and the 
other negative in the interval z=0, «=a, when y=0; while 


both are positive in the interval e=ato gæ=Ħva’ +b’ 





If w> Va*+5*, y is imaginary and at the point B, 
the tangent is parallel to the y-axis, The co-ordinates of B 
are. (va! +b: , b), 

The points of maximum and minimum ordinates are 


determined by putting oy = 0, 


A 
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But from the equation of the curve we obtain— 


Oy es —2x? Hatu + 2biy ai 
Ov (a? +b* )y—bz* 


2by +a? ~22* =0. 


Eliminating « between this and the equation of the curve, 
we chtain— 


j= b+ — 





- which give the maximum and minimum values of the ordi- 
nates. The abscissae of the four points are given by— 


—— 


— — Ja +68) 46 Var gee. 


The equation (2) shows that the parabola given by—- 


y=? _at 
a? + b* 
bisects the chords of the virtual parabola parallel to the axis 


of w. 
The virtual parabola is a unicursal curve; the co- 
ordinates of its points can therefore be expressed in terms 


of a parameter. 


Writing 
——— 
C= Va? +5. Ppi , 


from equation (2) we obtain— 


_b(#*—1)* +2at. tt —1) 
r+) 
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258. CONSTRUCTION OF THE VIRTUAL PARABOLA: 


The following construction of the curve was given by 
Cramer. 


Let OL be a variable chord of a fixed circle through a 
fixed point O on its circumference. Take O to be the origin. 
Through L draw LN parallel to the axis of æ meeting the 
axis of y in N, and on this make NP equal to OL. Then 
the locus of P, as OL varies, is a virtual parabola. 


Let us take the equation of the circle in the form 
X*4Y*—aX—bY =0 


and let (x, y) be the co-ordinates of P. 


Now OL*=X*4+Y!=NP*=27' and y=Y. 


Substituting these values of X and Y in the equation of 
the circle, we obtain — 


g? —by=aX =a v x° —y° 


i.e., (æ? —by) *? =a" (x° —y?*) 
which represents a virtual parabola. 


If in the equation of the curve we put b=0, it 
reduces to— 


aty? =x (a° =x?) 


which is a special virtual parabola, called the Lemniscate of 
Gerono by Gabriel Marie. 


G. Saint-Vincent gave a number of propositions in 
Vol. X of his work, describing the several methods of 
constructing the curve, for a detailed account of which the 
student is referred to Q. Loria—loc. cit., pp. 186-191. 
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254. POINTS OF INFLEXION: 


At a point of inflexion >y = 0, and from the equation 


of the curve we obtain— 


Qty _ 2b 4 ae Xa’ +b?)—223 


Qn? a+b — a? +53 (a? +b? —z*)* 


whence the abscissae of the points of inflexion are given 
by— 


4b* (a? +6*—0*)§ matat {3(a% +b*)—2e} 


This is an equation of the third order in x°, and 
gives three values of x? and six values of +s, two and 
two equal but of opposite signs. Corresponding to each 
value of r, we obtain from equation (2) two values of y—one 
referring to the point of inflexi and the other to the 
second point on the curve having the same abscissa as the: 
first. 


255. Tue Lemniscate or Gerono: 


lf in the equation of the virtual parabola, we put b=0, 
the equation reduces to— 


at =a? (x° =y?) (1) 


which, therefore, represents a special virtual parabola, 
and is known as the Lemniscate of Gerono.* This curve 
has sometimes been confounded with Bernoulli’s Lemniscate, 
owing to its form being that of a figure of eight. The origin 
is a biflecnode, and the axis of x meets it in the two points 
(+a, 0). 


Gabriel Mario—Zwercises de Géométrie Descriptive, 
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Differentiating twice the equation (1) we obtain— 


Gy at 2c* ty _ (Ba — 22") 
ðr @V as -æ Dr? alatat) 


! = OY a. Costs 
^ When z=+a, s=; and if emt Ty: 


ð 
Oy = % 
a and y=+ T 
2 —R 
Also, when = &=0, ae =0. 


Therefore, the tangents at the points (+a, 0) are 
perpendicular to the axis of æ and at the points 


a a 
(+v7- +9) 


the ordinate is a maximum and the tangents are parallel 
2 
2 
to the curve. The origin is a biflecnode, the tangents 
making an angle of 45° with the z-axis. 

The curve has four imaginary inflexions at the points 
whose abscissae are +av/#, and it has a tacnode at infinity. 


to the axis of æ. In fact, the lines y= + are bitangents 


For, if we transform the equation (1) to trilinears by 


a 


substituting and 2 for æ and y respectively, the trans- 


formed equation becomes— 
yt =a*(y* —a? )B* F (2) 


which represents a quartic with a tacnode at the point y=0, 
B=0, with the line B=0 as the tacnodal tangent, i.e., there 
is a tacnode at infinity on the axis of 2, 
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256. CONSTRUCTION OF THE LEMNISCATE ¢ 


Let O be the origin and centre of a circle of radius 
OA=a, and AT the tangent at A; and on AT take a 


point D sach that AD < OA. Through D draw DN 
parallel to OA, meeting the circle at C. 





Draw the ordinate CM=DA, meeting OD in P(a, y). 


Then the locus of P will be a lemniscate of Gerono. 


From the triangles OMP and OAD, we have— 


OM _ OA 
PM CM 
But CM* =a? —2z? i.e, CM=va*—2* 








whence 2*(a*—2*)=a*y*® 
i.e. gt =a? (æ? —y*) 


which is the equation of a lemniscate of Gerono, 
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257. A SECOND METHOD: 

Let C be the centre of a circle of diameter OB=a. 
Through O draw a chord OG and through G draw GM 
parallel to OB, meeting OY, the tangent at O, in M. Now 
on GM take a point P such that MP=GB. Then the locus 
of P is a lemniscate of Gerono.* 





Taking OB and OY as the axes of x and y, let (w, y) be 
the co-ordinates of P and Z GOM =v. 


z=MP=BG=acosw and y=OM=OGcosw 
=a sin w COS w 
Eliminating w we obtain #*=a'(#*—y"), which isa 
lemniscate of Gerono. 
This may again be written in the form— 


if E E — 
* ate INTR 
This curve has been discussed by Cramer in his Intro- 


duction. 

There are various other curves of the fourth order 
possessing interesting properties and forms, for which the 
student should consult Teixeira’s book cited before. 


a Œ. Saint-Vincent—Opus geometricum quadraturae circuli a 
sectionwm coni (Antwerpiae 1647) Bad. 2, p. 482. 


CHAPTER XII 


TRANSCENDENTAL CURVES 


258. ROULETTES: 


We have so far discussed the properties of curves whose 
equations are reducible to a finite number of terms involving 
positive integral powers of r and y. In this chapter we 
shall study the properties of curves represented by tran. 
scendental equations, which involve functions expressible 
by an infinite series of algebraic terms. All transcendental 
curves may be considered as curves of infinite degree. Any 
straight line cuts it in an infinite number of points, and it 
possesses an infinity of multiple points and multiple 
tangents. We shall consider, however, only the principal 
properties of some of the most remarkable of them. The 
most remarkable of the transcendental curves are those 
known as the Roulettes. When one curve rolls, without 
sliding, upon another, any point invariably connected with 
the rolling curve describes another curve called a roulette. 
The rolling curve is called the generating curve and the fixed 
curve is called the directing curve or the base. For a 
complete discussion of these curves, the student should 
consult Dr. Besant’s Notes on Roulettes and Glissettes (1890). 


259, Tue CyYcLorp: 

The simplest of these curves is the Oycloid, which holds 
the first place among transcendental curves, both for 
historical “interest and for the variety of its physical appli- 
cations. 

Derinition: The Cycloid is the path, traced out by a 
point on the circumference of a circle which rolls along a 
right line. 

41 
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Let LPO be any position of the rolling circle, O being 
the point of contact with the fixed line. Take AO equal to 
the arc PO. Then A is the position of the generating point 
when in contact with the fixed line. If AA’ be equal to the 
circumference of the circle, A‘ is the position of the genera- 
ting point at the end of one complete revolution of the 
circle. 





AMO O ` A 

Draw DQ perpendicular to AA’ at its middle point 
D, and let DQ =2a=diameter of the circle. 

Then evidently Q is the highest point in the cycloid. 


Draw PM perpendicular to AA’, and let (x, y) be the 


co-ordinates of P referred to rectangular axes through A, so 
that «=AM, y=PM. 


Denoting the angle PCO by 6, where C is the centre of 
the circle, we have— 


g=AM=AO—MO=a(6—sin 6) 

(1) 
y=PM=CO—PC cos 6=a(1—~—cos 6) 

Then @ evidently represents the angle through which the 


circle has rolled, starting from the position when the moving 
point lies on the fixed line. 


Hence the position of a point is determined when the 
angle ĝ is known. 


Eliminating 0 between the two relations (1), we obtain 
the equation of the curve in the form— 9 
a—y =a COB { atv (Qay—y?) } „e (2) 
a 


It is, however, more convenient to express the equation in 
the form (1). 
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The point Q is called the vertex, and it is sometimes 
convenient to express the equation referred to the tangent 
and normal at the vertex Q as axes of co-ordinates, and 
then the equations become— 


amQN=a(6'+sin 6’), y=PN=a(1—cos 6’)... (3) 


where = L PCL=7—6 


260. THE TANGENT AND NORMAL TO CYCLOID: 

It can be easily seen that at any instant of the motion of 
the generating circle, the lowest point is at rest and the 
motion of every point of the circle for the moment is the 
same as if it described a circle about the point O. Hence 
the normal to the locus of P must pass through O, ze, PO 
is the normal, and its tangent must always be parallel 
to LP. 


The same result also follows from the equations (1). 


For, =al —cos ô) and 5) =a sin 0 


oY = on, =cot =cot 4} Z PCO=cot PLO 
P y e (2 


The tangent, therefore, makes with the .-axis an angle, 


the complement of PLO, and accordingly, LP is the tangent 
and PO is the normal to the curve at P. 


Further, we have—- 
(3 )'=( > y +( a y =a*{(1—cos 6)* +sin*6} 
=4a? sin» 


oe =2a sin £ =PO =length of the normal. 
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261. THE RADIUS OF CURVATURE AND EVOLUTE : 
If p denotes the radius of curvature at the point P and 


LPOA=¢= 0 
2 
Then ot 4a sin : =2PO 


w 
t.e., the radius of curvature is double the normal. 


In order to determine the centre of curvature, we produce 
PO to P’, such that OP’=OP. Then P' is the centre of 
curvature at P. Produce LO to O’, until OO'=OL. 
Describe a circle through O, P’ and O'. Thie circle touches 
AA’ and is equal to the generating circle LPO. 





Now, the arc OP’=are OP=AO. 
arc O'/P'=0’'P’0—P/O=AD~AO=OD=B'0' 


Hence the locus of P’, i.e., the evolute of the cycloid is a 
curve generated by the rolling of this new circle along the 
line B/O’, which is, therefore, a cycloid. 


The same result also follows analytically. 
If (x', y’) be the co-ordinates of P’, i.e., the centre of 
curvature, we have— 
ow’ =a(0-+sin 6), y’=a(—1+cos 0) 


whence, by eliminating 6, we obtain the equation of the 
evolute. 
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But 0 is an independent variable and we may easily 
replace 0 by r+, since this does not alter the nature of the 
curve. The equations thus reduce to— 


a’ =a(0+m7—sin 6), y’=a(—1—cos 6) 


lf now we transfer the origin to the point B’, whose 
co-ordinates are (wa,—2a), we obtain— 


w'=a(@—sin 8), y'=a(1—cos ĝ) 
whose locus is evidently an equal cycloid. 


Hence the evolute of a cycloid is another equal cycloid, 
having B' as a cusp and A, A’ as vertices. 


It is easily seen that the evolute of the cycloid AB’A 
consists of the two semi-cycloids AB’ and B'A, as is shown 
in the figure. Conversely, the cycloid ABA’ is an involute 
of the cycloid AB’A’. 


262, THEOREM: 


The arc BP of the cycloid is double the chord LP of the 
circle, and the area of the cycloid is three times the area of the 
generating circle, 


If a and £ be the limits of 6, the arc s is obtained, as 
usual, by the formula— 


B B 
s= )vVdi*§+dy% = 2a (sing do 
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If now we take B=7, we obtain the length of the arc 


PB=4a cos % 


nol 


But PL=2a cos 5 


s=are PB=2 x chord PL.* 


* 

If we take a=0 and B=27, s=8a, ie, the length 
of the complete arc ABA’ of the cycloid is equal to eight 
times the radius of the generating circle. 

Again, the area of the portion PMA is given by— 


6 
s= | (1—cos 6)*d6=a*[80—2 sin 0+} sin 26] 


0 


If now 6=27, we obtain the area between the tase 
and the complete arc ABA’ 


=a [}]2r = 3ra’ 


če., the area of the curve is three times that of the gene- 
rating circle. 


Ex. 1. Ifa circle roll on a right line, the envelope of any diameter 
is a oyoloid. 

Ew, 2. Show that the radius of the generating circle of the cycloid 
in Bx. ] is half of the rolling circle. 


Eo. 3. Prove that the envelope of any right line, carried by a 
circle which rolls on a right line, is the involute of a cyoloid 


Ee. 4. Show that the intrinsic equation of the cycloid is s=4a sin ꝙ. 


fw. 5. Prove that s= /8ay, whore y is she distance of © from NQ. 


He. 6. If two tangents toa cycloid intersect at a constant angle, 
prove that the length of the portion which they intercept on the 
tangent at the vertex of the cycloid is constant. 








— — — — 


* Huygens—Ocuvres, Vol. 482, p. 3. 
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263. TrocHorps: 


From the mode of generation of the cycloids it is natural 
to investigate the locus of a point in the plane of the gene- 
rating circle carried round with it. Such loci are usually 
called Trochoids. 


Wher. the tracing point lies inside the circle, the locus 
is called the prolate cycloid, when it lies outside the cigcle, 
it is called the curtate cycloid. The forms are exhibited 
in the figure. 





Let (r, y) be the co-ordinates of the tracing point P, 
referred to the axes AD and AT, where A is the position 
for which the moving radius CP is perpendicular to the 
fixed line. 


Let a be the radius of the circle, b be the radial distance 
of P from the centre C, and Z OCP =9, then we have 


e=2zAM=AO—OM=a6—b sinô 
(1) 


y=PM=a—b cos 0 


Eliminating @ between these, we obtain the Cartesian 
equation of the curve, which is a curtate or a prolate cycloid 
according as 6 is greater or less than a. 


The method of drawing tangents given for the cycloid 
applies equally to the trochoids. It can be easily seen that 
these curves may be generated by a point P on the 
circumference of a circle, rolling such that the arc PO is in a 
constant ratio to the line AO. 
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264. Epicycnoip AnD HypocycLorp: 


As a natural extension, it is necessary to discuss the 
curves traced by a point connected with a circle rolling on 
the circumference of another circle instead of a line. 


When the point is on the circumference of the rolling 
circle, the curve generated is called an Hpicycloid or 
Hypocycloid, according’ as the rolling circle touches the 
exterior or interior of the circumference of the fixed circle. 
If, however, the generating point be not on the circumference, — 
the locus is called an Epitrochoid or Hypotrochoid. i 


Let the radii of the rolling circle and of the fixed circle 
be respectively a andb. Let O be the centre of the fixed 
circle, Q the point of contact of the rolling circle and P 
the carried point. Suppose A is the point with which P is 
originally in contact, D the centre of the rolling circle. 
Join OD, cutting the rolling circle in E. Join QP, DP and 
EP, the latter cutting the initial radius OA in T, Take 











LA 
e 


-70 


* 
e 


b 
« 
Pangaea core”” 
o, ` 


Ye- 
+ 
* 


8 


OA as the axis of z. The point P traces the epicycloid as 
represented in the figure, which represents the curve when 
a: b=l: 8, 
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Let ZQOA=8, 4QDP=¢ and £4 PTX=y. 


Now, since arc QP=are QA, we have b¢=a0 


— „a0 
LDEP=5 =z 





— 84 P — a+ 2b 
and y=6+ 7 = 3 6. 


Again, DP makes with the z-axis the angle 
O-+g=2trg, 


Hence the equations of the Epicycloid are— 
a= ON=OL+NL=(a+5) cos 0—b cos (0+¢) \) 
=(a +b) cos 0—b cos a 


woe (1) 
y=PN=DL—DP=(a+b) sin ĝ—b sin (0+ p} 


=(a +b) sin 0—d sina ts 


* 


where L is the foot of the ordinate of D. 


In the case of the hypocycloid, the generating circle rolls 
on the interior of the fixed circle, and it can be easily seen 
that the expressions for x and y are derived from those in 
(1) by changing the sign of b. Thus 


z=(a—b) cos 0+b cost" 


(2) 
y==(a—b) sin 0—5 sin a6 


When the radius of the rolling circle is a multipleof that 
ef the fixed circle, the tracing point, after the circle has 


42 
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rolled once round the circumference of the fixed circle, 
evidently returns to the same position and will trace the 
same curve in the next revolution. If the ratio of the radii 
is commensurable, the tracing point, after a certain number 
of revolutions, will return to its original position ; in this 
case, the curve is closed and of finite algebraic dimensions. 
On the other hand, if the ratio is incommensurable, the point 
will never return to the same position, but will describe an 
infinite series of distinct arcs, and the curve is transcendental. 
The successive portions of the curve are, however, equal 
to each other in every respect ; the path described by the 
tracing point, from the position in which it leaves the fixed 
circle until it returns to it again, is often taken instead of 
the complete epicycloid, and the middle point of this is called 
the vertex of the curve. 


It is to be noted, however, that the points A, B, C are 
cusps on the epicycloid ; in fact, every point in which the 
tracing point meets the fined circle is a cusp on the roulette. 
It follows therefore that if the ratio b: a=n, there are n 
cusps on the corresponding epicycloid or hypocycloid ; and 
thus the se curves are designated by the number of their 
cusps, such as the three-cusped, four-cusped, etc., epi-, or 
hypo-cycloids. 


265. DOUBLE GENERATION oF Epi -anp Hypo-Cycuroips: 


If in the equations (2) of the hypocycloid, we write 


ote for b, and ote for|6, we obtain— 
—— cos Ż tay 4 od os Ne⸗ i 
e eee (3) 
yo 9 sin otd, — sin 16 


2 d 27 


and it is evidentthat a change in the sign of d does, not 
alter these equations. Hence it follows that the same, 
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hypocycloid can be generated by the rolling of either of the 


e ee d . ° 
circles whose radii are at on a circle of radius a. 


Again, if we write a+d for b and % ata for 6, in the 


equations (2), the equations of the — reduce to— 


æx=(a+d) cos ¢— deos “+? | 


we (4) 
=(a+d) sin $—d sin ates | 


which are evidently the equations of an epicycloid. It 
appears, therefore, that when the radius of the rolling 
circle is greater than that of the fixed circle, the hypocycloid 
generated may be regarded as an epicycloid generated by 
the rolling of a circle whose radius is the difference of the 
original radii.* The same results may be obtained from 
geometrical considerations, for which the student is referred 
to Williamson’s Diff. Calc., Art. 280. 

By writing ee 


these equations can be written as— 
=d(m cos $-+ cos md) 
y=d({m sin $ +sin m >) 


the lower sign answering to the case when the axis of 
æ passes through the generating point when it is on the 
fixed circle; the upper sign, when it is at its greatest 
distance frém it. 


* The student should carefally note the anomaly that every epi- 
cycloid is a hypooyocloid but only some hypocyoloids are epicycloids ; 
while, in fact, no epicycloid is a hypocycloid, though each can be 
generated in two ways as has been shown. For cctrect representa- 
tion, see Proctor’s Geometry of Cycloide. oe 
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266. PABTIOULAR CASES : 


As has already been remarked, if the ratio a : b is com- 
meénsurable, there will be a finite number of cusps, the curve 
returning into itself. 


If, for example, a=2b, the equations (2) of the hypo- 
cycloid become— 
=a cos Ô, y=0, 


which represents a diameter of the fixed circle. 


Thus, in this case the hypocycloid reduces to a diameter 
of the fixed circle. 


lf a=4b, we have— 
2=£(3 cos 0+-cos 30) =a cos? 6 
y =4(3 sin 0—sin?0) =a sin*8 


whence eliminating 0, we obtain the equation— 


ob PEF S 
which represents a four-cusped hypocycloid. 

If in the equations (1) of the epicycloid, we put b=a, 
the equations become— 


2==a(2 cos @—cos 20) 
y=a(2 sin 6—sin 20) 
whence, eliminating 0, we obtain— 
(o* +y*—a*)* =4a*{(e—a)*+y*} , 


and when the origin is transferred to the point (a. 0), the 
equation becomes— 

(2° -pyt -+ 2a0)* = 404 (mt +") 
which is a Cardioid. 
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Ex. 1. Obtain the equation of the epicycloid when the radius of 
the rolling circle is half that of the fixed circle. 


Ee. 2. When the incident rays are parallel, show that the caustic 
by reflexion at a circle is an epicycloid formed by the rolling of one 
circle upon another of twice its radius. 


Ew. 3. A isa fixed point on the circumference of a circle. Points L 
and M are taken such that arc AL=m aro AM, where m is a 
constant. Prove that the envelope of LM is an epicycloid or hypo- 
cycloid, according as the arcs AL. and AM are measured in the same or 
opposite directions from the point A. 


Ee. 4. Show that in Ev. 3 LM is divided at the point of contact in 
the ratio m : 1 internally or externally according as the envelope is an 
epicyoloid or hypocycloid. 


Ev. 5. Show that in Hx. 3 the given circle is cironmscribed to or 
inscribed in, the envelope, according as it is jan epicycloid or hypo- 
cycloid, 


267, RADIUS OF CURVATURE : 
From the equations (1) of the curve, we obtain— 


Ort = (a+b) { —cos 0+( 1+ ) cos (0+0) } 
oy =(a 4b) f —sin 6+( 1+ ; ) sin (6+) ? 


where 6 = 0, 


The radius of curvature p may be calculated from the 
formula— 


> le 


s TE: 
a {( 3 Us an Het besin it 
a Bee Í 





v p= klat) where k=QP. 
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Thus the radius of curvature in an epicycloid is in a 
constant ratio to the chord QP joining the generating point 
to the point of contact of the circles. 

Since the denominator in p can never be zero, it follows 
that the curve has no points of inflexion. 


268. THE EVOLUTE OF AN EPICYCLOID: 

We shall now show that the evolute of an epicycloid is a 
similar epicycloid.* 

Let P be the tracing point in any position, and A its 
position on the fixed circle. 


Join P to O the point of contact of the circles, and 
produce PO to P’, such that 


2a+2b 
P'= 
p op a-+ 2b 





Consequently, P’ is the centre of curvature, and 


— a 
OP’=OP. a4 2b 

Now, draw P'O’ perpendicular to P'O and circumscribe 
a circle about the triangle OP’O’, and describe a circle with 


C as centre and CO’ as radius. This circle evidently touches 
the circle OP’0’. 


But 00’: OFE=OP’ OP=a:a+2bd=CO : CE 
CO—O00'’ CE—OE=CO : CE 
or CO’ CO=CO: CE 


t.e., the lines CE, CO and CO’ are in geometrical pro- 
portion. 


Now, join © to B’, the vertex of the epicycloid and let 
CB’ meet the inner circle at D. 


* This proof is taken from Williamson's Diff. Calo., § 281. 
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Then, arc O'D : arc OB=CO’ CO=CO : OE 
=0’O EO=arc P'O’ : are OQ, 





But are OB=arc OQ arc O'D=arc P/O’. 

Hence, the path described by P’ is that generated by a 
point on the circumference of the circle OP'O' rolling on 
the inner circle, and starting when P’ is in contact at D., 
Thus the evolute of the original epicyclotd is another epicycloid, 
as is shown in the figure. 

Since CO OE=CO’ O'O, the ratio of the radii of the 
fixed and generating circles is the same for both the epi- 
cycloids, and consequently the evolute ts a similar epicycloid. 

The same result may be deduced analytically by writing 
the equations of the tangent and normal at any point. 


For, Y=: ce Ptoosmp _.__cosH(m+1)¢ 
’ ðv — (sin $sin mø) sin }(m+1)¢ 


sin $(m+1)¢ 
r, cos }(m+1)¢' eos (1) 


whence the equation of the tangent becomes— 
a oos }(m+1)p+y sind(m+1)¢ 
=(m-+1)d cos I(m - 1)4 (2) 
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when the axis passes through the generating point at its 
greatest distance from the centre of the fixed circle ; 
or æ sin }(m+1)6—y cos }(m+1)¢ 
=(m+1)bsin 4(m—1)¢ (3) 


when the z-axis passes through the generating point at 
its least distance from the centre of the fixed circle. In this 
latter case, the equation of the normal becomes— 


z cos }(m+1)p-+y sin }(m+1)¢ 
=(m—1)b cos3(m—1)¢ ooo (4) 


Comparing this form with the equation (2), we see that 
the envelopes of (2) and (4) are of the same nature, in fact, 
they are similar epicycloids, since the radii of the circles are 


: . m~l 
altered in the ratio — 





269, THE RECIPROCAL OF AN EPICYCLOID: * 


Since the equation of the tangent at any point may be 
written as— 


æ cos }(m+1)o+y sin }(m+1)p 
=(m+ 1b cos 4(m—1)> 
the perpendicular on the tangent makes an angle 
w=}(m+1)> 
with the r-axis and its length is— 


(m+1)d cos 3(m—1)¢. 


* The invention of epicycloids ia atkvibuted to the Danish Astronoenes, 
Roemer, who was led to consider these carves in the year 1674 for 
examining the best form of teeth of wheels. The rectification, ete., 
were given by Newton, Principia, Baok L, 
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The locus of the foot of this perpendicular is then given 
by— 


p=(m+1)d cos ae o) 


and the reciprocal curve is given by— 


m—1 = 
r oos ( — v )=(m+1)b 


Ex. 1. Prove that the radius of curvature of an epicycloid varies 
as the perpendicular on the tangent from the centre of the fixed circle. 


Ee, 2. Prove that the locus of intersection of tangents toa cycloid 
which intersect at a constant angle is a prolate trochoid. 


_ Ba. 3. If a variable circle touch a given cycloid and also touch 
the tangent at the vertex, the locus of its centre is a cycloid. (Casey.) 


Ea. 4. Prove that the equation of the reciprocal polar of an epicy- 
cloid with respect to the fixed circle is of the form rsin mw = const. 


270. Epirrocnor aNd Hypotrocaow : 


The equations of these curves may be obtained as in 
§ 264 in the following manner : 

Let d be the constant distance of the generating point P 
from the centre O of the rolling circle of radius b. 

Take for the axis of x that position of the common 
diameter of the two circles which passes through the 
generating point. Let C be the centre of the fixed circle of 
radius a, and D the point of contact in any position. Then 


we have CD=a, OD=b, OP=d. 


Let OP meet the rolling circle at Q and the axis of z 
meet the fixed circle in À and B. From O and P draw OM 
and PN perpendiculars on ACB, and draw PE perpendicular 
on OM, and let 

LDCB=8, LQO0D=¢. 


48 


888 THEORY OF PLANE CURVES 
Since BD=DQ, we must have ad=b¢ and 
OPE=180°—(6+¢) 
^ The co-ordinates of the point P are— 
=(a +b) cos 6—d cos (06+¢) 


=(a+b) sin 0—d sin (0+-¢) 


er w==(a+b)cos 6—d cos ath 
s (1) 
=(a +b) sin 6—dsin —_ att 
If now we put a+b=mb, we obtain— 
a==mb cos 0— d cos mô 
(2) 
y= mb sin 0—d sin mô 


Eliminating Ô from these equations the equation of the 
curve can be obtained. These curves are not necessarily 
transcendental, and as has already been remarked, they are 
transcendental only when the circumferences of the circles 
are not commensurable, 


The equations of the epicycloid can be obtained from (2) 
simply by putting d=+6. The equations of the hypotro- 
choid are obtained by changing the signs of b and d in (1). 


Thus the equations of a hypotrochoid are obtained in 
the form : 


»=(a—b) cos 0+ d cos o 


y=(a—b) sind—d sin 2=%9 
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In the particular case when a=2b, i.e., when a circle 
rolls inside another of double its radius, the equations (3) 


become— 
u==(b+d)cos 8, y=(b—d) sin 0 


whence the equation of the hypotrochoid is— 


oe y? — 
ati t Bae T 
which represents an ellipse whose semi-axes are the sum 


and the difference of b and d, This reduces to the diameter 
y, when b=d in the case of the hypocycloid. 


Ee. 1. lf the distance d of the generating point from the centre 
of the rolling circle be equal to the distance between the centres of the 
circles, prove that the polar equation of the epitrochoid becomes— 


= gee 
r=2(a +b) cos — 


Eo, 2. Hence deduce that the curve r=asinmé@ is an epitrochoid 
when m<1, anda hypotrochoid when m>l. 


Ee. 3. Prove that the locus of the intersection of the tangents to 
an epicycloid which intersect at a constant angle is an epitrochoid and 
the corresponding locus for a hypocycloid is a hypotrochoid (Chasles). 


271. THE THREE-CUSPED HYPOCYCLOID: 


This curve, as already remarked, is traced out by a point 
on the circumference of a circle which rolls inside another 
circle of three times its radius. 

If in the equations (2) of the hypocycloid (§ 264) we put 
a=3b, they reduce to— 
a#/b==2 cos 6+ cos 26 
i aeo (1) 
y/b=2 sin 6—sin 20 


The Cartesian equation is obtained by eliminating 6 
between these equations. 
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Thus, squaring and adding, we get— 

A(r3 —5b*)=b* cos 36=b* cos 6(4.cos*6—3) ... (2) 
But #++b= 20 cos 6(1-+-cos 0) we (3) 
Dividing (2) by (3), we obtain— 


y3 0b _ 4cos*6—3 (4) 
(+b) 140080 I 


. Substituting. the value of cos*@ from (3) in (4), we get— 
(1+-008 6)(r* +-8b.2-4+3b")=2(0-+b)(22+3b) ... (5) 


Now, eliminating 9 between (3) and (5), we obtain— 
(7? +12b0-+9b* )* =4b(22 +3b)? 
i.e., —O0—— 
or (42 y*)? + 8br(38y? — 2") 
+18b*(.0°-y?)—27b4=0 .., (6) 
which is a tricuspidal quartic. 
‘By putting tan }9=—t, the equations (1) may be put 


into the following form— 


—it—6t +3 = b_i 
ep S” 9 KGESILA 0) 


w=b 


Oy Oy Oe : 

= Qo Of OF 

‘The tangential equation of the curve is obtained'in the 
_form— 

E? +° =dE(3y* — §*) 

showing that the line at infinity is thé only bitangent 
touching the curve at thé circular points. For further 
details, see G. Loria; loc. cit, pp. 161-167, and: Teixeira, 
pp. 442-457, 
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272. THE TANGENT TO A THREE-CUSPED HLYPOCYCLOID: 


Using the equations (1) of § 271, the equation of the 


tangent to the curve at any point (a) can be obtained in the 
form— 


{y—6(2 sin a—sin 2a)} 


cos a—cos 2a 


which easily reduces to— 
z sin = +y cos + =bsin oe we (I) 
2 2 2 


Transferring the origin to the cusp A, we put 2—3b 
for x and obtain from (7) of § 271 


___4bt*(t* +3) P I: 
— CESIL ’ I= CESIL 


The equation of the tangent at any point (a, y) is— 
Y—y=t(X—-2) 
which referred to the new origin becomes— 


4b¢® 


Y-tXsyrte= iyi 


If this passes through any point (2', y’) we have— 


(4b-+ x! )t8 —y't? +2/t—y' =0 (2) 


This is a cubic equation in ¢ and gives the slopes of the 
tangents, “all three real, or one real and two imaginary, ' 
which can be drawn from (, y') to the curve. 


If now we put ¢,=:tana, ¢,=tan 8, ¢,=tany 


r t 
we have hitt th= giy and hits pe. 
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whence we obtain— 
tan a-+-tan 8+tan y=tan a. tan £. tan y. 


_ tan a+tan f _ 


1.6, tan y= f—tanatenp — tan (a+). 
or a+ B ty=nr. 


If now we take the cuspidal tangent as the axis of r, we 
obtain the theorem.* 


The three tangents drawn from any eaternal point to a 
three-cusped hypocyclotd make with a cuspidal tangent three 
angles whose sum ts a multiple of r. 


The condition that two of these tangents are at right 
angles is that t,t, +1=0. 


A 
But since étt, = — , we obtain— 


, 
i= Bra . 





Again, ¢, is a root of the equation (2). Substituting 
this value of ¢ in that equation, we obtain- - 


92 13 a I 
Gia? wey += we (8) 


If now we consider (2', y’) as variables, this represents 
the locus of points from which perpendicular tangents can 
be drawn to the hypocycloid. The equation can, however, 
be written in the form— 

(36) +y'* b’ 

We thus obtain the theorem of Painvin : 

The locus of points from which perpendicular tangents can 
be drawn to a three-cusped hypocycloid is a circle of radius b 
and centre coinciding with that of the hypooycloid. 


Laguerre—Nouvelles Annales de Mathématiques (1870), p. 254, 
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273. THE CONVERSE THEOREM : * 


Every quartic curve of class three having the line at infinity 
as the bitangent with the points of contact at the ctrcular 
points is a three-cusped hypocycloid. 

Consider the equation £n { = +n’ swe (1) 
where é, y, ¢ are the co-ordinates of a line. This represents 
a curve of class three, having the third side of the triangle 
of reference as a bitangent, with the corresponding vertices 
as points of contact. 


This equation may be expressed in the following para- 


metric form— 
k€é=A", kn=à, kg=l-4 à 


The equation of a tangent to the curve may be 
written as— 
NabAy+ (1+4A5)s=0 we (2) 
Differentiating this w.r.t. 4, we get— 
2Az + y+ 3A'z=0 .. (3) 


Combining (2) and (3), the co-ordinates of any point on 
the curve are found to be proportional to 1—2) : A*—~2d : A⸗ 


If now we put A=(p/v) then— 
a oe Ye 
— pty? 
i _@ 
If again p=pe*, vepe ?, Yu x YTI z 
a 2z 
Then X=a(cos 20-42 cos 0), Y=a’sin 26—2 sin 6). 
This, hy suitable transformation, may be put in the forms : 
X=a(008 20+ 2 cos @), =a(2sin 6—sin 26) 
which are the equations of a three-cusped hypocycloid. 


* L. Oremona—Sur Uhypocycloide & trois rebroussements—Crolle, 
Ba, 64 (1866). 
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274. THEOREM: 


The envelope of the pedal line of a triangle is a three-cusped 
hypocyolotd, the centre of which is the centre of the nine-points 
circle. 

Let P be any point on the circumscribing circle with 
centre O, and let PK, PL be the perpendiculars on the sides 
AC, AB and NY the perpendicular from N, the middle 
point of AC, on KL, which is called the pedal line. 


Let LONY=¢ and ZCOP=0 
Then, (7/2)—¢= L YNK= Z LKP= Z LAP=A—40 
and NK=OPsin OPK=R sin (rx—0—B) 
=R sin (0+B)=R sin (B+2A+2ġ—r) 
NY=NK sin ¢ 
=R sin ¢ sin (B+2A +2ġ—r), where OP=R 
=(R/2 [cos{ġ—(C—A)}—cos{3ġ—(C—A)}] 
Now, if O’ be the centre of the nine-points circle, 
ZONO’=C—A 
and if p be the perpendicular from O’ on LK, 


p= — Boos{3¢— —(O—A)}= — Beos 3¢’, 


changing the initial line.* 
This is the tangential polar equation of a three-cusped 


hypocycloid, generated by a circle of radius (R/2), rolling 
inside a circle of radius(3R/2).¢ 


* Besant—Notes on Roulettes and Glisettes § 26(3). This theorem 
scams to have been first discovered by Steiner. 


+ Edward's Diff, Oalo, § 410. 
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275. THEOREM: 


If a rectangular hyperbola circumecribe a triangle, the 
envelope of its asymptotes is a three-cusped hypocycloid. 


Let O, be the centre of the hyperbola, O’ that of the 
nine-points circle of the triangle ABC, and N and M the 
middle points of the sides AC and AB. Then from a 
known property, the point O, lies on the nine-points circle ; 
and if D be taken on AC such that ND=0O,N, O,D is an 
asymptote of the hyperbola.* 


Draw O'Q perpendicular to O,D and let O’'Q=p and 
L0,DN=¢. 


Then, p= }R cos 0,0'Q 
and 0,0'Q =37—0/0 ,N+¢=0,MN+¢ 
Again, since LMO,N=A, 
£0,MN=r—A—-0,NM 
=C—A+2¢ 


0,0'°Q=C—A+3¢ 
‘Hence, p=tR cos (86+C—A) 


which represents a three-cusped hypocycloid. 


Again, the centre of a rectangular hyperbola with 
respect to which a triangle is self-conjugate lies on the 
circum-circle of the triangle, and the curve passes through 
the centres of the inscribed and the escribed circles of the 
triangle, Hence we obtain the theorem : 


The envelope of the asymptotes of all rectangular hyperbolae 
to which a given triangle is self-conjugate is a three-cusped 
hypocycloid, whose centre is at the circum-centre of the triangle, 


For other properties of a three-cusped hypocycloid, see 
G. Loria, loc. cit., pp. 161-167, and Teixeira, pp. 442-457, 


* Salmon—(Conics, § 174, 
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Ee. 1. Show that the tangent to the three-cusped hypocycloid at 
any point (a) meets the curve again in the two points 


a > a 
(r— 3 ) and (29r— 5 ) 


Ea, 2. Show that the sum of the parameters of the points of 
contact of three concurrent tangents to a three-cusped hypocycloid is 
equal to foar right angles. 


Ex. 3. Obtain the equation of the normal at any point (a) of the 
three-cusped hypocycloid in the form— 


@ COB 5 ~visin aaa cos Sa, 


Ee. 4. Shew that the evolute of a three-casped hypocycloid is n 
similar three-cusped hypocycloid, and the orthoptic locus is a circle, 


Ee, 5. The radius of curvature at any point (a) of a three-cusped 
hypocycloid is 8b sin (3a/2), 


Ea. 6. Show that the portion of the tangent of the three-cusped 
hypocycloid intercepted by the curve is of constant length. 


276. THE FOUR-CUSPED HYPOCYCLOID: 


If in the equations (2) of § 264 we put a=4b, 
the equations of the curve hecome— 
2==3b cos 646b cos 36=a cos*6 
y=3b sin ĝ0—b sin 30=a sin?ð 


Eliminating 9 between these, the equation of the four- 
cusped hypocyoloid is obtained in the form— 


o+yt=at a (2) 
or, rationalising this becomes— 


(at —a?—y*)? =27a%e*y* we (2) 
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The characteristics of the curve can be easily investi- 
gated ky means of the reciprocal curve, whose equation 
can be written in the form : 


aT? py Ece. 


The curve has a complex biflecnode at the or‘gin and a 
pair of real biflecnodes at infinity situated cn the axes of 
æ and y respectively. It is of order six and class four, and 
consequently belongs to the seventh species. The charac- 
teristics of the curve are therefore n=6, 5=4, «=0, 
m=4, r=0, .=0. 

All the four nodes are imaginary and situated on the 
lines w+y=0. 


277. ‘THEOREM 


The envelope of a straight line of constant length, which 
slides between two straight lines at right angles to one another, 
ts a four-cusped hypocycloid. 

Leta straight line AB of constant length a slide between 
two lines at right angles intersecting at O. Let C be the 
mid-point of AB, and join OC and produce OC to D making 
OC=CD. From O and D draw OL and DP perpendiculars 
to AB. Now, since DA, DB are evidently perpendicular 
to OA and OB, PB is the direction of motion of P, and 
consequently AB touches its envelope at P. 

Let (x,y) be the co-ordinates of P, and Z AOL=9. 
Then, w= BP sin 6=AL sin 6 

=a sin? and y=a cos*é 


The locus of P is obtained in the form— 


2 3 

“> +y? =a 

The lines OA and OB are the two real cuspidal tangents, 
and we may accordingly state the theorem : 


The portion of the tangent to a four-cusped hy pocycloid which 
is intercepted by two real cuspidal tangents ts of constant length. 
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278. Tae CaTEenary: 


The Catenary is the form assumed by a, flexible inelastic 
string of uniform density, when suspended from two points 
under the action of gravity. 

The form of .equilibrium of a flexible chain was first 
investigated by Galileo, who declared that the curve was a 
parabola. His error was detected in 1669 experimentally 
by Joachim Jungius, a German geometer. The true form of 


the catenary was, however, obtained by James Bernoulli 
only in 1691. 


The equation of the curve may be easily deduced from 
mechanical considerations. 


Let A, B be the points of suspension and O the lowest 
point of the string. Let T be the tension at any point P of 
the curve. If then w is the weight of a anit of length, we 
is the tension at the lowest point O, where c is a constant. 


Let s be the length of the arc OP and y the angle which 
the tangent at P makes with the horizontal line through O. 


Then the equations of equilibrium of OP are 
T cos y=we, T siny=we, 
s=c¢ tan y ve (1) 
which is the intrinsic equation of the curve. 


Take the vertical line through O as the axis of y and the 
horizontal line at a distance c from the lowest point O as 
the axis of a. 


Now, tan y=% and *=:9¢? +Oy? 


Os y cOs 
° $ n nÈ — 
P E 2 =o (& or a= — 
K : =e f eee te } one (2) 


the constant being taken so that s and » vanish together, 
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From (2) we may write the equation of the catenary 
inthe form: . 
t e n YOE) 
c 


z 


—_ 


and e eas (3) 


Similarly, we obtain from the equation of the curve 





s*+c* _( Os y , _ __ 808 
mr = Oy Lee, y = /(a* +c") 
y2=s*+c*, ify=c when s or «=0. 
Thus we get 
—— = 
y= 5 (⸗ + e ) ==c cosh - (4) 


which is the Cartesian equation of the curve. 


. € 
Also s=c¢ sinh i 


The equation (4) shows that the axis of y is the axis 
of symmetry of the curve and the tangent at the lowest 
point is parallel to the axis of æ. As æ varies from 0 to 
+, y varies from c to œ, and the curve is convex to the 
axis of r. 


279. CONSTRUCTION OF THE TANGENT TO THE CATENARY: 


From the equation 
My’ =c? =s = 3 (* —e° ) 


we obtaifi, 


=} 
Oe 2 


e° — )= Vv (y? =e) 
c 


With the origin C as centre and radius c describe a 
circle and draw the tangent MT to this circle from the point 
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M on the azis of y at a distance from the axis of æ equal 
to the ordinate of the point P. Then 


MC=y, OCT=c, MT=Wv(y*—c*) 


If L is the point where TS drawn parallel to the z-axis 
meets MC, we have 


tan Z MOT=tan Z MTS 


Vye Bana e Oy 
c oz 





Thus, the tangent PS at P is parallel to MT. 


Also PS=MT =the arc from P to the lowest point. The 
axis of « is called the directriz of the catenary. The locus 
of the point S is the involute of the catenary ; and if SN is 
drawn parallel to TC, SN is the tangent to the involute, 
since PS is normal to the locus of S The involute of the 
catenary is consequently a curve such that the intercept 
SN on its tangent between the point of contact and a fixed 
right line is constant, and is called a Tractriw. 


Let the tangent and the normal at P meet the axis of « 
in G and H respectively. PN is evidently the orditiate of P 
and NS is perpendicular to PG. Then 


Oy  tany= 1 
— tan y By Y 


whence y=csecy Also yo PN=NS sec y 
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NS=c and s=c tan Y=NS tan y=PS, showing that 
the locus of S is the involute of the catenary. 


If p be the radius of curvature at P, then 
p= (Gs/Oy) =c sec?~=PN sec y= PH 


i.e., the centre of curvature at P is a point O' on HP 
produced such that PO’=PH. 


Thus the radius of curvature at any point is equal but 
opposite to the normal at that point. 


280. THEOREM: 


If a parabola roll on a straight line, the locus of its focus is 
a catenary. 

Let F be the focus of the parabola in one of ite positions, 
touching the fixed line OP at P. since the curve rolls 
without sliding, the point P may be supposed to remain 
stationary for the time being, so that FP rotates about P, 
and the direction of motion of F at that instant is at 
right angles to FP. Thus the line FO, drawn at right 
angles to FP, is the tangent tothe locus of F. Let FO make 
an angle y with the fixed line, which is taken as the z-axis. 


` Draw the ordinate FM, and let (r, y) be the co-ordinates 
of F. 


Then, cos Y= (O.«/ds) =(FM/FP) 
But from the equation of the parabola, we have— 
p?’ =ar, ie, FM’=a.FP 
(@z/ðs)=(a.FM/FM*)=(a/FM)=(afy) 


whence a(ðy /Ox) = 4/y' —a? 

and e («/a)=log, (y+ Vy? —a*)+C 
Let «=0, when y=a C=—log,a 
Thus y= ( et +e * ) =a cosh = 


which is a catenary. 
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281. Tae TRACTRIX: 


We have already seen that the involute of a catenary is 
a cur ve called the Tractrix or Tractory. The equation of 
this curve may be obtained without much diffculty. 


Let (7, y) be the co-ordinates of S. If Q be the foot 
of the ordinate of S, we have 
QN* =SN*—SQ’ QN = vc*—y* 
By making y=0 in the equation of the tangent, we 
find that this length = — (yðr /ðy `. 


Hence the differential equation becomes — 


— Yd yl y 
y (c*—y*) 


This may be easily made rational by putting 2*=c*~—y'*, 
and we obtain 





tee. x=c log —— —M[v (c° —y?) 


This curve is easily found to consist of four similar por: 
tions, as shown by the dotted curve in the figure of § 279. 

The tractrix is a particular case of the general problem 
of equitangential curves, <.¢., curves such that the intercept 
on the tangent between the curve and a fixed directrix shall 
be constant. 

In order to obtain the intrinsic equation, we see that 
y=c cos ý and SP=c tan y =(0s/æ4); whence s=clog sec y, 
whioh is the intrınsic equation of the curve. 

The locus ofa point D on the tangent SN dividing it in 
a constant ratio is called the Syntractriz, 
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282. THE INVOLUTE oF A CIRCLE. 

The locus traced by a point in the plane of a straight line 
when the line rolls on the circle is called an involute of the 
circle. The locus may be represented by the equations * 


w=(a+t) cos d+ad sin > 
y=(a+72) sin p—aġ cos > 
where ¢ is the length of the perpendicular drawn from the 


point on the line. 


For ¢=0, we obtain the ordinary cusped involute, which 
is a transcendental curve. If.a thread be unwound from 
a circle, any point of the unwinding thread traces out an 
involute of the circle whose equation can be easily obtained. 





If PQ be the tangent at any point P of a circle of radius 
a, and on this tangent a portion PQ be taken such that it is 
equal to the arc AP measured from a fixed point A, then the 
locus of Q is the involute of the circle, 


Let O be the centre of the circle and OQ=r, £POA=¢, 
LQOA=86. 
e 


Then, OQ cos QOP =a, ie, r cos (þp—0)=5a ... (1) 


* The locus may be obtained as a particular case of an epitrochoid 
by considering the rolling circle as of infinite radius, de., putting 
d=b=oco and t=b—d in the equations (1) otf § 270, 
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Also, ap=arc AP=PQ=; sin ($—0)= V(rf—a*) ... (2) 
and $=6+-cos~)(a/r) 


Eliminating $ we obtain the polar equation of the 
curve in the form : 


a6-+a ecs™? = = [v (r° —a?) (3) 


If QM be the ordinate of Q, the co-ordinates of Q are 
given by— 
` x=0M =a cos p+ PQ sin > 
=a cos }+a¢ sin > 
y=QM=a sm ¢—a¢ cos > 


It is to be noted, however, that PQ is the normal to the 
involute and ifp is the perpendicular on the tangent at Q 
to the involute, p= PQ=ad; and since OQ*=OP*+PQ', 
the pedal equation of the involute is r*=a*+p*. 

Again, if AQ=s, we have (05/06) =PQ=a¢, from which 
the intrinsic equation is obtained in the form s=(a¢*/2). 

It will be noticed that the involute of the circle is the 
locus of the intersection of tangents drawn at the points 
where any ordinate to OA meets the circle and the corres- 
ponding cycloid having its vertex at A. 

Again, if the involute of a circle roll on a straight line, 
the locus of the centre of the circle of which it is the 
involute is a parabola. 

For if (x, y) be the co-ordinates of the centre of the 
circle referred to the point on the line with ‘which A was 
originally in contact, then 


Ox p y 
=p * mse —— ee Z 
y=p tan $ ripe —— 


whence we obtain y’ =2az, 


Beo- Basset, loc. cit,, p. 200, 
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283. Tae Curve or Srves, Harmowic Curve, COMPANION 
TO THE CYCLOID: 


A large class of transcendental curves is obtained by 
taking the ordinate some trigonometrical function of the 
abscissa. The shape of these curves can be easily derived 
from their equations. 


The curve defined by the equation y=sin xz is called 
the curve of sines. 


This curve has positive and constantly increasing ordi- 
nates until æ=}r, after which the ordinates decrease, 
until =r. At this point the curve crosses the axis of + at 
an angle of 45°, For values of z between r and 2r, the ordi- 
“nates are negative, and the curve has a similar portion 
on the negative side of the axis. The curve, therefore, 
consists of an infinity of similar portions on alternate sides 
of the x-axis. There are points of inflexion wherever 
the curve cuts the z-axis and it lies entirely between the 
lines y= +1. 

The curve defined by the equation y=m sin œ is somes 
times called the harmonic curve, and only differs from the 
curve of sines in that ite ordinates are each m times the 
corresponding ordinates of the latter. 


In a like manner we may consider the graph of the 
equation y= tanc. Here the ordinates increase regularly 
from «2=:0 to t=}7, when y becomes infinite and the line 
a=} is an asymptote. For greater values of x ‘from Ir 
to x, y changes from negative infinity to 0. Thus the curve 
consists of an infinity of infinite branches, possessing an 
infinity of asymptotes 2=}7, += jr, etc. There are 
inflexiong at the points 2=0, a=, v=2r, ete. 

Curves represented by theequations y=cos r, y=sec x, 
etc., can be studied in a similar manner. 

The curve known as the Oompanion to the cycloid is 
generated by producing the ordinates of ‘a circle, not as 
‘in the case of the cycloid, until the produced part is equal 
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to the arc, but until the entire ordinate is equal to the are. 
The curve may be represented by the equations 


aad, y =a(1—cos 0) 
r -asasin ( — ) 
° oe a 2 


and therefore the locus is the harmonic curve. 


284. Tse LOGARITHMIC Curve: 


We have so far discussed curves depending on trigono- 
metrical functions, We shall now mention those depending 
on exponential functions, Such a curve, known as the 
logarithmic curve, is characterised by the property that the 
abscissa is proportional to the logarithm of the ordinate, and 
the equation of the curve, therefore, is— 


w=mlogy or y=a‘ 
In the simplest form, it may be taken as—- 
æzzlog, y or yse’. 


When s is negative and very large, the ordinate dimi- 
nishes without limit, and the z-axis towards —« becomes 
asymptotic, It cuts the axis of y at a distance equal to the 
unit length, and x and y then increase together to positive 
infinity. The subtangent of the curve is constant; since 


subtangent = YO" =m. 


Oy 


The subnormal is given by— 
y (Oy/O.0) =(y*/m) 


The radius of curvature is given by— 


— (y* + ma) 
P my 
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285, THe EQUIANGULAR or LOGARITHMIC SPIRAL : 


We shall now consider a class of curves known as spirals. 
When referred to polar co-ordinates, the radius vector 
is not a periodic function of the angle, but one, whicn 
gives an infinity of different values when the angle is 
increased by multiples of 27. Consequently, a straight line 
meets the curve in an infinity of points and the curve is 
transcendental. 


We shall first discuss the Logarithmic Spiral, which 
possesses the characteristic property that the tangent makes 
a constant angle with the radius vector. This curve was 
imagined by Descartes and some of its properties were 
discovered by him. The properties of its reproduciug itself 
in various ways were discovered by James Bernoulli. The 
curve is sometimes called the equéangular spiral. 


Let w be the angle which the radius vector makes with 
the tangent at any point on the curve. Then we obtain the 
following differential equation— 


700 


= s=tan w=constant 
or 


which, on integration, gives the equation of the curve in the 
form : 


r= Ce? t o (1) 


Taking the constant C to be unity, the equation can be 
written in the simple form : 


— e? cot w 

In this curve, r increases indefinitely with 0; when 0=0, 
r=l, and diminishes further for negative values of 0, but it 
does not vanish until @ becomes negative infinity. Hence 
the curve has an infinity of convolutions before reaching 
the pole. 
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286. PROPERTIES OF THE LOGARITHMIC SPIRAL: 


Let O be the pole, PT the tangent at P, OH the per- 
pendicular on PT, ON the polar sub-normal. Let Z OPT=w 


Then the perpendicular p=0H =r sin w 
The polar subnormal = (07/00) =r cot w. 
The polar subtangent =7*(96/6r) =r tan w 
The length of normal=PN =r cosec w 





The radius of curvature— 
p=r(ðr/ðp) =r cosec w=length of the normal. 
Thus, the perpendicular, subtangent, subnormal, length 
of normal and the radius of curvature are all proportional to 
the radius vector r. 
If 6, and r, be the co-ordinates of N, we have 


r, =ON=r cot w=cot we’ °t 


and 0, = LNOX=6+ (1/2) 
Eliminating 0 between these, we obtain— 


cot w (0-5) c0, - + log c 
=e 


1, = cotw e 2 , where c=cot w 


Putting 0,=0, + 5- = we obtain r, =e" 
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Hence, the evolute of the logarithmic spiral is another 
equal logarithmic spiral referred to the same pole, 


; r 
Again, p=0H =r sin w =a 


Also, £POH=/OPN=a constant ( Z o )=a 


Thus, if (7’, 6’) be the co-ordinates of H, 


d 


— — lA 
ats severe and 6'=0—a 


Combining this with the equation of the curve we obtain 
the equation of the pedal in the form— 


eco? w(6’ + a) 
r > a 
71+cot* w 
which is a logarithmic spiral. 

Hence, the pedal of the logarithmic spiral is also a 
logarithmic spiral equal to the first. 

Thus, the first positive pedal, and consequently all other 
pedals are equal equiangular spirals. 

For similar considerations, the inverse and the polar 
reciprocal with regard to the pole are equal spirals. The 
caustics by reflexion and refraction, the light emanating 
from the pole, are also logarithmic spirals. 

Since (Or/Os)=cos wọ we have r=s cos w 
when the arc is measured from the pole where r=0. 


If K be the point where the tangent meets the line NO 
produced, we have PK cos w=r =PK 
Hence, any arc ts equal to the difference of the extreme 
- radii vectores multiplied by the secant of the constant angle. 
It will be easily seen that if the spiral rolls along a fixed 
line, the locus of the pole and also of the centre of curvature 
of the point of contact is a straight line, 
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287. Tue PARABOLIC SPIRAL: 
The system of curves represented by the equation . 
(r—a)* =2pa0 
are called Parabolic Spirals.* 


If in the equation we put p=(b*/a), and then make 
a=0, the equation reduces to r*=2b*6, which represents ° 
the Spiral of Fermat. 


The parabolic spiral consists of two branches, the first 
ABCD...corresponds to the equation— 
r=a+ /2pab 


and starts at the point A where 6=0 and r=OA=a and 
makes an infinite number of turns round the origin, receding 
indefinitely from the point. 





eee T B A 
1 
El —> 
The second branch AOEFG...corresponding to the 
tion— — 
— r=a— ~ 2apð 


starts at the same point A and gradually approaches 
towards the point O, until Ô= a/2p, and then receds 
indefinitely from the same point. 


* These wore studied by James Berpoylli, 
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The tangent to the curve at the origin O forms an angle 
equal to (a/2p) with the axis of #, and the axis of «is the 
tangent to the curve at the point A. 


If 4 denotes the angle which any tangent makes with 
the radius vector to the point of contact, we have 


tan @= 2 =t) 


r*(r—a) 


and the subtangent = 
ap 


In order to determine the double points on the 
curve, it is necessary to find two values of @ which 
differ by (2n+1), where n is a positive integer, and 
the corresponding values of r are equal, but of opposite 
signs. 


At a double point, then, we must have— 
rat V/2pad, 3 —r=a+ V2pald+ (2n+1)r] 


or, r=a— [s 2pað, —r=a— V2palb+(2n4+1)7| 


showing that at the double point two branches of the 
curve intersect or the same branch orosses itself, 


Eliminating r between the above values, we obtain— 


[4a* —2pa{20 + (2n +1)r} ]J'=16p*a" 04 (2n+1)r] 


— s 
whence 92 ene Gat) 


n being a positive integer. This gives the vectorial angle of 
the double point. 
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For determining the points of inflexion, we make use of 
the formula— 


x) Or \ 
and obtain— 


r3(r—a)§ + 2p%a*(r—a) +p%a?r=0 


This equation combined with the equation of the curve 
gives the values of r and 6 corresponding to the points of 
inflexion, and it follows that there is at least one real point 
of inflexion. 


It can be easily seen that the real points of inflexion of 
the curve are situated in the interior of a circle of radius 
a with centre at the origin, and the value of 7 at these 
points are positive. 


The system of curves represented by the equation *=a6" 
is also called parabolic spirals——the most remarkable of 
these are the following: 


When n=l, it represents the Archimedean Spiral, 


n=l, ,, N » Hyperbolic or Recipro- 
cal Spiral, 


— 
n*— y j », Lituus. 


The family of curves represented by this equation is such 
that the tangent approaches more-nearly to being perpen- 
dicular to the radius vector, the further the point recedes 
from the origin, since 


.. The tangent of the angle which the tangent makes 
with the radius vector increases as @ increases, but does not 
actually become infinity until 6 becomes infinite, 


WRANSCENDENSAL CURVES 363 


288. Tue SPIRAL or ARCHIMEDES: 


This curve is represented by the equation r=að 


This is the path described by a point receding uniformly 
from the origin, while the radius vector on which it travels 
moves also uniformly round the origin.* 


This curve is the locus of the foot of the perpendicular 
on the tangent to the involute of a circle (§ 282); for the 
tangent to the locus of Q is perpendicular to PQ and the 
length of the perpendicular on that tangent from O will be 


equal to PQ=ad. 


Again, if a circle be drawn with centre at the pole O 
and radius a, any radius vector of the curve is equal to the 
arc of this circle measured from the initial line to the point 
in which the radins vector cuts the circle. 


The subtangent= (7*06/0r)=70 

The subnormal=(6r/00) =a. 

The length of the normal N= Va* +r’? 
and tan d=(706/dr) =(7/a). 


The radius of curvature is given by— 


— (7 +a? X — Ne 
pe apa Ppa 


* This curve is due to Canon, who died before he completed his 
investigations of its properties, which, however, were continued and 
completed by Archimedes. 
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289. Tar HYPERBOLIC ŞPIRAL: 


The inverse of the Archimedean Spiral is called the 
hyperbolic or the reciprocal spiral and is represénted by 
the equation rô=a. 


The curve is the reciprocal polar of the involute of a 
circle. 


The name hyperbolic is derived from the analogy between 
the form of its equation and that of the hyperbola referred 
to its asymptotes in Cartesians. 


The curve has an asymptote parallel to the initial line 
at a distance a from the same. 


If (r, y) be the Cartesian co-ordinates of any point-on 
the spiral, we have— 
a sin 6 


y=r sin 6= 7 


which, when 0 vanishes and r becomes infinite, has the finite 
values a. 





The same also follows from the fact that 


tan @= * =—6 


and the length of the perpendicular drawn from the origin 
i ar —F 
on the tangent =. — and this is equal to a, when ¢ 


becomes infinite, 
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If a circle be drawn with any radius OA, where A is any 
point on the curve, and the centre at the origin, the arc of 
the circle intercepted between the curve and the initial line 
t,e, the arc AB is of constant length. 


The polar subtangent=7r? \06/dr) = —a=constant. 
The polar subnormal = — (a/6* ) = —(r*/a) 


The radius of curvature is given by — 
tla’ rs)? — N3 
acer’ alae a 


where N is the length of the normal. 
The pedal equation of the curve is 
(1/p*)=(1/r*)+(1/a*). 


290. Tag Litvvs: 


Another spiral curve defined by the equation r*0=a*, 
called the lituus, is of some considerable importance.* 


This curve has the initial line for an asymptote. 





One «emarkable property of the curve is that the area 
of the circular sector with centre at the origin and bounded 
by the initial line and the radius vector is constant, 


For this area==4r70=(a'/2) 


* Cotes—Harmonia mensurarum, 
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At the points A, B, C, D the values of 6 are respectively 
(7/2), m, (3/2)r, 2r, ete. 


and the corresponding values of r are— 


whence we can construct the tangent to the curve. 
The radius of curvature is given by— 
3 
_ T(4at trt)’ 
P Gat —4a*) 


For determining the points of inflexion we make use of 
the formula— 


whence 196-*—1=0, and consequently 0=+5 


Corresponding to the value O=—}, r isimaginary. Hence 
the curve has only one inflexion at the point M,, where 


6=t, r=av2. 


Besides the spirals described in these articles, there are 
other curves belonging to this class such as the spiral of 
Galileo, spiral of Fermat, etc. They are equally interesting, 
and the students should consult the famous book of Teixeira 
for detailed accounts of these and other similar curves, 
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Notes on Sextacrrc Points or a Couri 


In article 21, it has been stated that there are twenty-seven 
points on a cubic the osculating conic at each of which has 
six-pointic contact with the curve. Pliicker and .Steiner 
gave a method of constructing such points for a curve of 
the third order. Salmon,* by using an identity, obtained 
the equation of a conic through five consecutive points of a 
cubic; but Cayley,t in an elaborate memoir, discussed the 
conic of five-pointic contact for a general curve of any order, 
and thence deduceda method of constructing the sextactic 
points. In another memoir t he pursued the enquiry as to as- 
certain what conditions must be fulfilled by the co-ordinates 
of a point in order that the contact may be six-pointic. 


Cayley has shown that the sextactic points of a cubic 
defined by the canonical form— 


£$ $y3 $23 + 6liy:=0 
are determined by the equation— 
(y? —29)(z>—w8)(12—y*) =0 


combined with the equation of the curve, showing that the 
twenty-seven sextactic points form nine groups of three 


Salmon—Phil. Transactions (1858), p. 535. 


t Cayley—On the Conic of Five-pointic Contact at any point of a 
Plane Curve—Coll. Works., Vol. 4, pp. 207-239. 

t Cayley—Sewtactic Points of a Plane Curve,—OColl. Works, Vol. 5 
pp. 221-257. 
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each, such that the three points of a group have for their 
common tangential one of the nine inflexions. 


If w be a cube root (real or imaginary) of unity, the 
three sextactic points of one of the groups are given by 


w—oy =0 
w? +y? +25 4+ 6lryz=0 


The co-ordinates of the tangential of any one of these 
points are— 


By 3Y, 22, =a(y®—2*) : y(z>—w*) : e(@*—y*) 
=wy (æ? —z3) : —y(z>—2z°) : 0 
whence w, twy, =0, 2,220; 


če., the point (x,, Yı, zı) is one of the points of inflexion. 
This in fact is the construction given by Pliicker and 
Steiner. 


The conic of five-pointic contact meets the cubic in a 
sixth point which is called the point of simple intersection, 
and it is shown that the point of simple intersection of the 
cubic and the five-pointic conic is the third point of inter- 
section with the cubic, of the line joining the point of contact 
with the second tangential of this point. 


The construction for the sextactic points follows at once 
from that for the point of simple intersection. Consider 
a point having for its tangential a point of inflexion; but a 
point of inflexion is its owh tangential and the second tan- 
gential of the point is consequently the point of inflexion. 
The line* joining the point with the second tangential is, 


* Salmon has shown that the line joining the point of five-pointis 
contact and the point of simple intersection meets the cubic again in 
the second tangential of the point of contact. 
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therefore, the tangent at the point, and the point of ‘simple 
intersection coincides with the point itself, z.e., the point 
becomes a sextactic point. 


Cayley, by using his general formula, obtained the 
equation of the five-pointic conic for a cubic, which was 
afterwards simplified by means of Salmon’s identity. He 
gave the equation of the conic for the canonical cubic in the 
following form— 


aX? + bY? +cZ? +2fYZ-+4+29gZX+2nAXY =0 
where a= Bo + 1018 yz 401% %y328 
+ (5+ 1208" )xty528 
—10la? ytt — 41? y°2° 


2f = — Ale? °— 401228 yz 4 (5—1201! )aey*z? 
+ 401r* yz? 4-819 wt y%2* —2y*2* 


(x, y, z) being the co-ordinates of the point. 


The investigation for the cubic was, however, extended to 
a curve of any order in his first memoir referred to above, 
and thus the problem was completely solved. 

Salmon * has given the following method of deducing 
the equation of the five-pointic conic for a cubic defined by 


the general equation. 
In the equation U=0 of a cubic, substitute »+X¢’, 
yty’, stà? for x, y, z respectively and the result t 


becomesr— 
Ut3AATU+3A" A2*U+A°U'=0 


* Salmon— H. P.. Curves, §§ 286 and 287. 
+ See Theory of Plane Curves, Vel. I, § 67. 


47 
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t.e., of the form— 


U+3A8S +3A*P+A*U'=0 (1) 


Writing the result of a similar substitution in the Hessian 
=0 in the form— 


H+43)3+3)°1+A°H'=0 (2) 


it is easily verified that 


3(SI1—3P)=H’'U—HU’ 


Hence when (2’, y’, 2’) is a point on the cubic U, U’=0, 
and U may be written in the form— 


Si—3P=0 (3) 


Now, since S touches the cubic, and P is the common tan- 
gent, the general equation of a conic touching U at (x', y’, 2’) 


is S—LP=0, 
where Leaz+ By+yz is an arbitrary line. 


By means of the identity (3), the equation of the cubic 
may be written in the form— 


1(8—LP)=P(3 -LI) 


Thus the four points where S—LP meets the cubic again 
are its intersections with 3— LII; and if the latter conic 
pass through (2’, y', 2’) the former will pass through three 
consecutive points on the cubic. But putting a’, y', 2’ for 
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æ, y, 2 we obtain 3’=II/=H’, and the condition that 
%—LII should pass through (z’, y’, 2’) is L’=1. 


Next, for S—LP to pass through four consecutive points, 
~—LII must have P for a tangent at (#’, y', z). 


But the tangent to 3—LII is— 
20 — LT — Lit’ =0 


which is the polar of (2, y', 2’), and since L'=1, and M'=H', 
this reduces to TI—H’L, which is to be proportional to P. 


L=6P+ +, n 
Consequently, the general equation ofa conic through 
four consecutive points is— 


S—ops— > Pa=0 (4) 


And 3—0PI— iy M =0 


passes through the two points where the first conic meets 
the cubic again, since the equation of the cubic is reducible 
to the form— 


1 


Pit)=P(3—9Pn— n") (5) 

Since P is a common tangent to the two conics, the 
expression obtained by adding their equations multiplied by 
suitable constants will be divisible by P, ze., we shall 
require to find the value of » such that— 


pS+i— w TI? 


may represent two right lines, z.e., the discriminant of this 
must vanish. 
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The discriminant is found to be— 
—RXX * 


which is to be zero. 





If now p= =. , we have 


where M is a linear factor. 


The equation of the cubic (5) may be put into the 
form— 


-(I+pP)(S~6P -5 gp PO) =P'{M— 4 9(11+ pP)} 


The equation shows that II-+yP is the tangent at the 
tangential of the given point on the cubic, and that 
M—(,/H')Il passes through the second tangential of the 
given point. 

Next, in order that the conic may pass through five con- 
secutive points, the co-ordinates (2’, y', z') must satisfy the 
equation— 


M—#D—6(1+pP)=0 ve (7) 


Differentiating the equation (6) ard substituting the 
co-ordinates 2’, y’, z' for (x, y, z) in the result, we obtain— 


| Ve ay aan 
fer Oe a” a 
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Hence, when (1’, y’, 2’) are put for (x, y, z) in (6), we 
obtain 


p~-OH’=0; but p=- 40! 


Substituting this value of 6 in the equation (3) we obtain 
the equation of the conic of five-pointic contact in the 
form— 


40! PH 


Prof. Cayley, however, in his memoir referred to, investi- 
gated this conic of a curve of order m, and then determined 
the conditions which must be fulfilled by (a’, y', 2’) in order 
that the contact may be six-pointic.* 


His result is that (2’, y’, 2’) must satisfy the equation— 
(m—2)(12m~—27)HJ(U, H, &) 
—3(m—1)HJ'(U, H, &) 
+40(m—2,°J(U, H, ©)=0 


where, by J(U, H, &) is meant the Jacobian of these 
three functions, and by J’ is meant that, in taking the 
Jacobian, ® is to be differentiated on the supposition that the 
second differential co-efficients of H, which enter into the 
expression for ®, are constant. The equation represents a 
curve of order 12m—27 whose intersection with U deter- 
mines m(12m—27) sextactic points. 


* Cayley—Coll. Works, Vol. 5, p. 221. 
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William Spottiswoode* gave a method of determining 
the sextactic points by applying a method discussed in his 
memoir.f He obtained for the equation of condition, in place 
of Cayley’s condition, one of order (18m-—-36), which con- 
tained other extraneous factors. Then removing these factors 
he obtained the sextactic points as the intersections of a 
curve of order 12m—27 with the given curve of order m. 


* W, Spottiswoode—On the Sextactic Points of a Plane Curve— Phil. 
Trans. (1865), pp. 653-669. 

+ W. Spottiswoode—On the Contact of Curves — Phil. Trans., (1867), 
p. 41. 


APPENDIX II 
Notes ON THE BicircunaR QoarTIC 


Dr. Casey, in his remarkable memoir on bicircular 
quartics,* gave a number of interesting methods of genera- 
tion of bicircular quartics, and thus obtained various proper- 
ties of the curve. His results form mainly the contents of 
these notes. 


The most general equation of a bicircular quartic may 
be written in the form— 


Us(a, b, c, f. 9, h,)(a, B, y)*=0 e. (1) 


where a=0, B=0, y=0 are the equations of three given 
circles. By analogy to the trilinear system, the circles 
a, B, y are called the circles of reference. 

The equation 


ca yB+2y=0 (2) 


where z, y, z are variable multiples, represents a circle. 
This will touch the locus (1), provided 


a h g “| =0 (3) 
h b f y 
g f e z 
z y z 0 
that is to say, the locus (1) is the envelope of the circle (2), 
provided the condition (3) is satisfied, 


* Oasey—Proo. of the Royal Irish academy, Vol. 10 (1869), p. 44. 
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Now, if A, B, C be the centres of the three circles 
a, 8, y, it is evident that the centre O of the circle (2) 
is the mean centre of the points A, B,C. Also the circle 
(1) is co-orthogonal with the three circles a, £, y. 


Let (fi, Yrs 2%). (£a Yas Zs), (Ess Ys, Za) 


be the co-ordinates of A, B, C, respectively, and (X, Y, Z) 
those of the point O. 


Then, X=, byw, -2. æ, 
Yery, +y-ystzys 


L=2.2,+Y.2, 42.25 


Therefore, X, Y, Z are proportional to r, y, z, when 
they are regarded as areal co-ordinates of O, referred to 
ABC. Thus the locus of (X, Y, Z) is given by (3), 
and we obtain the theorem, as was otherwise obtained 
in § 168 :— 

If (a, b, c, f, g, h)(a, B, y)*=0 be the equation of a 
bictrcular quartic, this quartic is the envelope of a variable 
circle, co-orthogonal with a, B, y, whose centre moves along the 
conic whose equation in areal co-ordinates is the determinant 
(3), referred to the circles a, B, y. 


The conic (3) is the focal conic of the bicircular quartic. 


The equation (a, b, c, f, g, h)(a, B, y)? =0 can be thrown 
into the form SV,=48,V, where k is a constant, and 
S, V, S,, V, are four circles. Now, SV,=kS,V is the 
result of eliminating A between the equations— 


S+AS, =0, 
V+AV,=0. 


Now, by varying A, 8+AS, gives a pencil of circles 
coaxial with S, 8,, and V+AV, is a homographic pencil 
coaxial with V, V, 
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Hence the following theorem is easily deduced : 


A bictreular quartic may be described by the intersection 
of the homologous circles of two homographic pencils of circles. 


From this, an equally simple method of describing a 
bicircular quartic is easily derived :— 


Consider two systems of coaxial circles through the 
points A, B and C, D respectively. 


Institute a homographic relation between the circles of 
the two systems such that, to the circle with centre O 
corresponds the circle with centre O’; the centres E and E 
of the corresponding members are then determined so that 
ZEAO=ZE'DO’. Let these homologous circles intersect 
in the points P, P’. Then the locus of P and P' is a bicir- 
cular quartic. 


Now, LZAPB—ZCPD=}/ AEB-—}ZCE'/D 
=} 4 AOB—} Z CO'D 
=constant. 

Thus, the bicircular quartic may be regarded as the 


locus of the common vertex P of two triangles APB, CPD, 
such that the difference of their vertical angles is constant. 


Hence we obtain the following theorem : 
The locus of the common vertex of two triangles whose bases 


are given and whose vertical angles have a given difference ts a 
bicircular quartic. 


Similarly, when the sum of the vertical angles is given, 
the locus is a bicircular quartic. 


O 
CLASSIFICATION OF BICIRCULAR QUARTICS: 


Dr. Casey takes as the basis of his classification the 
species of the focal conic, which may be (1) an ellipse or a 
hyperbola, (2) a circle, (3) a parabola. Curves correspond- 
ing to each of those divisions have definite and marked 


48 
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distinctions, which have, been discussed in some details :— 


(1) The case when the focal conic is an ellipse or a 
hyperbola has been considered in the body of the text. 

(2) When the focal conic is a circle, the bicircular 
quartic becomes a Cartesian oval. 

We have seen that the foci of the focal conic are the 
double foci of the bicircular quartic. Now, when the two 
foci coincide, the focal conic becomes a circle, and the 
tangents to the quartic. at the circular points at infinity 
coiucide, or, in other words, these points become cusps and 
the quartic becomes a Cartesian oval. 

Hence, a Cartesian oval is a btcircular quartic whose 
‘focal conics are circles. 

In the case of the Cartesian oval, the four confocal 
(focal) conics become three concentric circles and a right 
line through their centre.* 


The centres of inversion of a Cartesian oval are the faci of 
the curve. 


Let the equations of the focal circle J and the circle 
of inversion F be— 


(2+a)*+y%=r7* and 7r*+y*=r* 


respectively. Then the perpendicular OT let fall from 
O, the centre of F, on a tangent to J is equal to r—a cos 9, 
where 0 is the angle which OT makes with the axis of r. 
Then P, P’, two points on OT, such that 
OT*—TP*=OT* —TP" =k, 


are points on the Cartesian oval. 


Cf. $ 232, 
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If now we denote OP by p, we obtain— 
k” +p* =OT*? —TP* +(OT+TP)* =20T.0P. 
i.e. 2(r—a cos 0)p=k? +p, 


which may be written in the form— 


2rp=C, where C is a circle concentric with F. 
4r%p?=C*, or, 4r*(.r? +y2)=C?. 


Hence, the circular lines x+iy=0 are tangents to the 
curve, so that the centre of the circle of inversion F is 
a focus. 


The equation of a Cartesian oval shows that it is the 
envelope of the circle— 


(2? 4 y?) +p +87? =0. 


This circle has double contact with the oval. When 
po—l, the circle becomes a right line, which shows 
that the oval has a bitangent. The expression for the 
radius of the circle is of the third degree in pa, and 
consequently, there are three values of u which reduce it 
to a point-circle. Hence there are three collinear single 
foci of the curve (§ 219). 

(3) When the focal conic is a parabola, the quartic 
reduces to a circular cubic and the line at infinity. Since 
the focal conic is a. parabola, some of the methods given 
before require modifications; and, moreover, some methods 
are applicable to circular cubics, which have no analogues in 
bicircular quartics. 

Thus, the locus of the common verter of two triangles 
whose bases are given, and whose vertical angles are equal, is 
a circular cubic. 

Dr. Casey thus-deduced a number of interesting proper- 
‘ties of circular cubics. 
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(1) The vsculating circles at the centres of inversion are the 
inverses of the asymptote with respect to the circles of inversion 
corresponding. to these points. 


For, the inverse of the asymptote w.r.t. a centre of 
inversion is a circle through the origin and the two 
consecutive points at infinity on the asymptote invert into 
two consecutive points at the origin. Hence the asymptote 
inverts into the osculating circle. 

(2) The nine-points circle of the triangle formed by any ` 
three xf the four centres of inversion of a circular cubic passes 
through the point where it meets the asymptote (§ 205). 


Let D, E, F, be the feet of the perpendiculars of the 
triangle. Then the nine-points circle passes through these 
points. 


Suppose the nine-points circle meets the cubic in a fourth 
point V, and G’ is the point where EF meets the cubic again; 
then DO’ is parallel to the asymptote,* and if DV meets the 
cubic in O”, then O'O” is parallel to the asymptote. 
Hence O” coincides with D and DV is a tangent at D; 
consequently V is the point where it intersects the 
asymptote. 

(3) The tangents at D, E, F intersect at a point on the 
nine-points circle, where the asymptote meets the cubic. 


From this was immediately deduced the following 
theorem :— 


(4) The circle described through any three of the centres of 
inversion of a circular cubic meets the curve again where the 
cubic is met by the osculating circle at the fourth centre of 
inversion. 


* For A, B, O, O being the four centres of inversion, A, F, E, O lie 
on the cnbic as well as on a circle,and O’D is parallel to the asymptote. 
In fact, if the sides DE, EF, FD of the triangle DEF meet the cubic 
again in F’, D’, E’ respectively, then DD’, EE’, FF” are parallel to the 


asymptote (§ 202). 
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configuration of, 150. 
linear construction of, 168. 
determination by the method 
of characteristics, 164. 
Kummer’s configuration of, 164. 
Real bitangents 166, 
Bitangential conic 172, 174, 186. 


Cc 


Canonical forms 36, 86, 42, 74. 
transformation of, 39. 
Cardioid 186, 188, 232, 288, 300. 
302, 304, 806. 
parametric forms of, 300. 
orthoptic locus of, 304, 306. 
reciprocal polar of, 305. 
Cartesians 199, 206, 232, 238, 268, 
273, 277, 279. 
inverse of, 278., 
Cartesian oval 266, 268, 288, 877. 
Newton’s definition 267. 
other forms of equations of, 269, 
Salmon’s method 270, 
Casey’s method 271. 
foci of, 271, 378 
equation referred to triple focus 
274. 
points of inflexion on, 280. 
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Oartesian oval (conid.) 
position of foci relative to the 
curve 276, 
tangent and normal 278. 
conjagate ovals 277. 
Cassinian 255, 256, 258, 282. 
equations of, 258, 
foci of, 259. 
construction of, 260. 
tangent and normal, 262, 
points of inflexion on, 264. 
Catenary 348, 350, 352. 
construction of the tangent 349 
directrix of, 350 
Oayleyan 26, 61, 62, 63, 64, 68, 
69, 114, 119, 128, 160, 155, 
order of, 64. 
Centre of inversion 206, 211, 214, 
220, 243, 249, 252, 297, 378 
Circuit of cubic 77, 87, 148. 
Circular cubics 98, 95, 96, 100, 101, 
112, 190, 228, 231, 284, 239, 241, 
280, 299, 379. 
as inverses 94. 
as degenerate bicironlar quartic 
239. 
self-inverse 241. 
foci of, 244, 
with given foci 247, 
concyclic foci of, 247. 
inverae of, 250. 
inflexions on, 253. 
Circle of inversion 206, 208, 2C9, 
214, 216, 254. 379. 


„ (real) 242, 
mutually orthogonal 210, 226. 
Circle of reference 375. 
Class cubics 84. 
Cissoid 96, 106, 107, 108, 111. 
geometrical constraction of, 109. 


Cochloid 807. 


GENERAL INDEX 


Coincidence point 18; 87. 
Collinear points 47, 78, 79, 81, 302. 
Companion to'the cycloid 355 . 
Complementary point 68.. 
Complex (Cayley) 3. 
ji (Steiner) 158, 160, 161. 
Complex singularities 183. 
Conchoid of Nicomedes 307, 811. 
points of inflexion on, 309. 
parametric form of, 310. 


Conchale 311. 
Concyclic foci of a bicircular quar- 
tic 229, 


Conjugate poles 54, 58, 69. 

Contravariant of cubic 122, 123. 

Conics Associated with a trinodal 
quartic 175, 


Corresidua! of tangents 162. 

Critic centre 37, 39. 

Cross-ratio 50, 51, 54, 75, 89, 95, 
119, 248. 


Crunode 197, 282, 

Orunodal cubio 80, 99. 

Oubic curves 1. 
general equation of, 1. 
classification of, I, 
Newton’s method 2, 
Chasles’ classification 4. 
classification based on deficiency 

5 


characteristics of, 5. 
through nine points 6. 
Chasles’ method of generation 20 
with unit deficiency 83 
covariants of, 118, 126, 121, 122, 
cubic covariant of, 116. 
Schrdter's method of generation 
59. 
Oubdical parabola 110, 111. 
Ourve of sines 853, 


GENERAL INDEX 


C wapidal cubic 4, 5,28, 46, 68, 70, 


76, 81, 82, 87, 91, 99, 107. 

Oustate cyoloid 397. 
Cyclic points 221, 249. 

inverse of, 227, 384. 
Cycloid, 821,.887, 354 

tangent and normal 323, 

radius of ourvature 324, 

evolute of, 324, 

'D 

Deferent conic 206. 
Discriminant 118, 146, 371 
Divergent parabola 2. 
Double focus 287. 
Duplication of the cate 109. 


Epicycloid $28, 331, 333. 
double generation of, 380, 
radius of curvature 333. 
evolute of, 334, 335. 
reciprocal of, 386. 
Epitrochoid 290, 328. 337, 339, 353. 
Equiangular spiral 357. 
Equianharmonic pencil 39, 42, 67. 
Equianharmonic cubic 53, 54, 119. 
Evectants 122, 123. 
Evolute of cycloid 324, 325. 


F 


F.conic 120. 
Pleenode 186, 188, 140, 141, 143, 
144, 196, 198, 285, 236. 
Focal conio 206, 207, 208, 216, 220, 
221, 222, 
Foci ofiroular cubics 112, 243. 
bicircular quartics 209. 
» Cartesians 271. 
Focus (triple) 270. 
Folium of Descartes 103, 104. 
geometrical construction of, 105. 
Four-ousped hypocycloid 846, 347. 


49 


385 
G 


Grassmann’s construction of cubics 
21. 

Geiser's method of studying bi- 
tangents 161. 


Harmonic cubic 53, 117. 
Harmonio curve 855. 
Barmonic polar 19, 26, 28, 29, 31, 
32, 45, 62, 69, 83, 87, 142, 143, 
251. 

properties of, 30. 

configuration of, 33, 

equation of, 40, 

of bifleonodes 142, 

Harmonic properties of cubics 23. 
” ñ quartios 189, 

Harmonic pencil 191. 

Harmonic range 28, 139, 

Harmonic triangle 173. 

Harmonizant 153. 

Hart’s theorem 61, 

Hesse’s theorem 41. 

Hessian 25, 41, 44, 45, 46, 53, 57, 
58, 59, 60, 61, 63, 64, 6S, 69 
80, 115, 116, 117, 119. 

Hesse’s method of studying bi- 

tangents 156, 

» notation for bitangents 158. 
Homographic pencil 133, 
Hyperbolic spiral 862, 364 
Hypo-cycloid 186, 328, 329, 331, 

382, 333, 339. 

double generation of, 830. 

radius of curvature of, 323, 
Hypotrochoid 328, 387, 338 


I 


Inflexions on cubics 36. 
co-ordinates of, 37. 
configuration of, 38. 


386 


Inflexions on rational oubics 72. 

» circular cubice 253. 

» Quartics, 168, 
Inflexional lines 82, 34, 39, 42, 43, 


45. 
Inflexional triangle 32, 33, 34, 38, 
42, 


Intersections of a conio with a 
cubic 14. 

Intersections of a line with its pole 
conic 67. 

Intersections of a cuspidal oubio 
with an n-ic 82, 

Invariants and covariants of 
cubics 113. 

Invariant S of a cubio 114 


” T 9) 9 116. 
Inverse of Cartesians 278. 
»  »„ Ciroular cubics 250, 


» pn biciroular quartics 228. 
» 9 oyclio points 227, 


» n foci 224, 
Involute of a circle 353, 354. 
Involution 42, 64, 70. 
Irreducible contravariant of cubic 
124, 
Irreducible covariant 122. 
J 
Jacobian 56, 150, 151, 156, 204, 
219, 378, 
x 


Kummer’s configuration of bitan- 
gente 164. 


i 
Lemniscate of Bernoulli 198, 282, 
265, 281, 282, 287, 317, 
normal to, 288. 
pedal form of, 288, 
radius of curvature 288. 
parametric form of, 284. 


GENERAL INDEX: 


Lemniscate of Gerona 616, 817, 31 
points of inflexion on, 817. 
construction of, 819, 320. 

Limacon 170, 232, 288, 289, 290, 

293, 297, 298, 299, 806. 
equation of, 289, 
points of inflexion on, 290. 
parametric form of, 292, 
construction of, 292. 
pedal equation of, 294, 
foci of, 295. 
centre of inversion of, 297. 

Lituus 362, 365. 

Logarithmic curve 356, 

Logarithmic spiral 357. 
properties of, 858, 
evolute of, - 59, 


pedal of, 358, 
Logocyclic curve 96, 97, 98, 
104, 106. 
mM 
Maclaurin’s theorem 27, 
N 


Net of polar conics 55. 
Newton’s method of construction 
of cissoid 109. 

Nine-points circle 252, 879, 380. 

Nodal cubic 5, 18, 29, 82. 48, 44, 
45, 75, 80, 82, 102, 170, 190. 

Non-singular cubics 5, 28, 87, 41, 

42, 77, 83. 
Non-singular quartics 152. 


o 


Orthogonal trajectories œf con- 
chale 313, 
Orthoptic locus— 
of Cardioid 804, 806. 
ofa three-cusped hypocycloid 
846. 
Oscnode 185, 194, 


GENERAL INDEX 


Osculating circle 251, 379, 380. 
Oval of Descartes 266, 280. 
Oval of Cassini 255. 
Conjugate ovals 277. 


Parabola cuspidata 4, 

Parabola divergent 2. 

Parabola nodata 4, 

Parabola punctata 4. 

Parabola pura 3. 

Parabolic spiral 360, 362. 
double points on, 361. 
inflexions on, 362. 

Pedal line 344. 

Pedal of a conic 233. 

Pedal form of lemniscate 
Bernoulli 283. 

Pencil of tangents of a cubic FO. 

Pencil of conics through four points 
on a cubic 16. 

Pippian 128. 

Polar line and polar conic 28. 

Poles of a right line 24, 

Pole and polar w. r. t. a triangle 

24. 

Pole conic of a right line 66, 66, 67. 
properties of, 66. 

Projection of a nodal cubic 98, 

Prolate oycloid 327. 

Prolate trochoid, 837. 


Q 


Quadrio inversion 140, 170, 174. 

Quadrifofium 128, 

Quartic curves 125, 132. 
general equation of, 125. 
homogeneous forms of, 125. 
classification of, 126. 


of 


classification based on the nature 


of the points at infinity 127. 
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Quartio curves (contd.) 
Classification of Zeuthen 128. 
„ based on deficiency 129. 
generation of, 130. 
5 by two projective 
pencils of conics 130, 
Quartics with a node and two cusps 
189, 
Quartics with complex singularities 
19?. 
7 „ oscnode 194, 
5 » triple point 194, 195. 
» with deficiency one or two 
199. 
F » (special) 265. 


Quippian 123. 


Radical centre 203, 
Radius of curvature— 
of lemni-cate of Bernonlli 282. 
of cycloid 324. 
» epicycloid 333. 
» hypocyoloid 833. 
Rational cubios 71. 
quartics 169. 
Real bitangents of quartics 166, 
» inflexions and undulations 168 
» circle of inversion 242, 
Reciprocal spiral 862. 
BRhamphoid cnsp 184, 140. 
Roulette 290, 321. 


Satellite of a right line 8, 11. 

a » point 286, 
Semicubical parabola 111. 
Sextactic point 17, 18, 19, 86, 87, 

367. 


Soxtio covariant of cubic 119, 120, 


122, 
Simplex 3. 
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Singular cubic 5, 


» foci of ciroular oubioa 248. 


»» bicircular quartics 


y LEJ 


222, 228, 
Singular point 129. 
Special carves of order four 255. 
»»  quartios 265. 
Spiral of Fermat 360. 
Steiner’s Group 158, 154, 164, 165, 
properties of, 155. 
Steiner's complex 1638. 
Steiner's polygon 12, 89, 91. 


» peir 12, 89, 91, 92. 
Steinerian of a cubic 55. 
Symmetrical cubics 99. 
Syntractrix 352. 

Syatem of generating conica of 

quartics 145, 146. 

System of generating oubios 147, 

BSysygotio oublos 41, 64. 

Bysygetic bitangents 158, 155, 160, 
161, 162. 


Taonode 133, 140, 192, 308, 812, 
318. 
Tacnode-cusp 135, 194, 

Tact-invariant 173. 
Theory of bitangents of quartics 
149. 
Three-cusped hypocycloid 188, 839, 
$42, 843, 845, 346, 

tangent of, 841. 


GENERAL INDEX 


Tangential of a point 8, 11, 14, 16, 
23, 59, 70, 87, 857, 868. 
co-ordinates of, 42. 
Tractrix 850, 862, 
Transcendental curves 821. 
Trionspidal quartic 129, 170, 186, 
188, 300, 
Trifolium 126, 
Trinodal quartic 128, 188, 171, 178, 
174, 176, 176, 177, 178, 185. 
conics associated with, 175. 
Triple focus 270, 272, 295, 800, 
304. 
Triple point 127, 185, 194, 195, 
Triseotion of an angle 308, 
Trisectrix of Maclaurin 100, 101, 
102, 288, 809. 
geometrical construction of, 102. 
Trochoid 827, 


U 


Undulation 137, 188, 140, 168, 289, 
Unicursal cubic 78, 78, 79, 88, 140. 
quartio 169, 170. 
a », ‘with flecnodes and 
bifleonodes 196.' 
Unifolium 188. 
Unipartite curves 861. 
i cubios 76, 77, 


v 


Virtual parabola 818, 317. 
construction of, 361, 


